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INTRODUCTION proteins and polysaccharides. These extracellular matrices

have compositions that are highly variable between taxonomic
groups. For example, the distinct structures of the cell walls of
pathogenic bacteria have been the focus of much study as
targets for antibiotics. Although the bacterial cell wall field is
mature, its distinctness has limited its contribution to eukary-

Cell structure seldom stops at the plasma membrane bound-
ary but usually extends beyond it in an extracellular network of
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otic extracellular matrix work. Even among the eukaryotes,
extracellular matrix composition is sufficiently different be-
tween the metazoan, fungal, and plant kingdoms that a re-
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search area has been independently developed for each, with
little common ground. Fungi and plants have extracellular ma-
trices containing polysaccharide-protein complexes termed cell
walls. Cell walls allow fungi and plants to build structures
based on the use of cells as hydrostatic bricks, a process that is
particularly well elaborated in woody plants (265). Despite a
common body plan, the actual polymers used by fungi and
plants to construct cell walls are often different. Such structural
diversity has forced cell wall research to develop in a frag-
mented way that lacks the benefits of the conserved cell biology
that links much eukaryotic function. However, all eukaryotic
extracellular matrices are shaped by a common underlying
cytoskeleton. This positions a highly conserved secretory sys-
tem that moves the relevant construction machinery, which in
turn lays down the extracellular matrix. Hence, much of the
evolutionary diversity seemingly comes only at the level of the
extracellular matrices themselves. It remains to be seen how
similar are the underlying cytoskeletal and secretory pathway
strategies for constructing such matrices and whether they will
offer a more unifying view of their biology.

This review primarily covers work on the cell wall of the
yeast Saccharomyces cerevisiae but, when appropriate, draws on
studies of other fungi for comparison. A powerful attraction of
S. cerevisiae is that the whole organism is under intensive study,
providing information on all aspects of its biology as they relate
to the cell wall. While an in-depth study of the structure and
function of the cell wall of one species is critical, fungal cell
walls are highly diverse, so yeast studies will capture only a
fraction of the fungal cell wall repertoire.

COMPONENTS AND SYNTHESIS

The S. cerevisiae cell wall represents ~30% of the dry weight
of the cell and is composed largely of polysaccharides (~85%)
and proteins (~15%) (206). Extensive biochemical analyses
reveal that glucose, N-acetylglucosamine (GlcNAc), and man-
nose residues represent 80 to 90%, 1 to 2%, and 10 to 20% of
the total polysaccharide, respectively. Glucose residues are
linked to other glucose molecules through B-1,3 and B-1,6
linkages and to GIcNAc via 3-1,4 bonds. Mannoproteins can
be linked to B-1,6-glucose chains through a processed glycosyl-
phosphatidylinositol (GPI) anchor or to -1,3-glucan through an
alkali-labile bond (see references 73, 130, 136-138, and 194 and
references therein). Based on these analyses, a structure for the
mature cell wall has been proposed (36, 73, 136, 256) and is
illustrated in Fig. 1A. Chains of B-1,3-linked glucose residues
are branched by B-1,6 linkages, forming a fibrillar B-1,3-glucan
which serves as a backbone to which are linked chitin, B-1,6-
glucan, and some mannoproteins. In addition, the 8-1,6-glucan
and GPI mannoproteins are linked together via a remnant of
their GPI anchors. The vegetative cell wall has a layered ul-
trastructure as observed by electron microscopy (212), with an
inner layer of glucans and chitin and an outer layer of man-
noproteins.

Components of the lateral cell wall are also found in the
septum, a specialized structure critical for cell separation that
is located at the bud neck and is synthesized in several steps
(36, 51). A ring of chitin is initially deposited at the time and
site of bud emergence (Fig. 1B, left panel). A primary sep-
tum, a disk of chitin which physically separates the mother
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cell from the daughter cell, is then laid down after mitosis is
completed. Following primary septum synthesis, a secondary
septum of B-glucans and mannoproteins is assembled (Fig.
1B, middle panel). After cytokinesis, the primary septum is
degraded by chitinase, leading to cell separation. As relics of
this process, a chitinous bud scar is left on the mother cell
wall (Fig. 1B, right panel) and a less prominent birth scar
remains on the daughter cell.

During sporulation of diploid cells, meiotic ascospores are
encapsulated in the ascus by a specialized cell wall, the asco-
spore wall (51, 264) (Fig. 1C). The ascospores are connected by
chitosan-containing structures, the interspore bridges (54).
The ascospore wall, which is more robust than the vegetative
cell wall, has a multilayered structure. 3-Glucans and manno-
proteins form the innermost layer, which is surrounded by
fibrils of chitosan, a deacetylated chitin polymer. The outer-
most layer is composed of dityrosine, an insoluble arrangement
of cross-linked p- and L-tyrosine residues.

B-1,3-Glucan

The B-1,3-glucan chains, with a degree of polymerization of
~1,500 glucose units/chain, have a coiled spring-like structure
that confers elasticity and tensile strength to the cell wall (136,
137). In cell wall extracts, 3-1,3-glucan is found as a branched
polymer with B-1,6 interchain links. -1,3-Glucan is covalently
linked to the other wall components (Fig. 1A): its nonreducing
ends are cross-linked to the reducing ends of chitin chains
through a B-1,4 link; B-1,6- and B-1,3-glucan chains are at-
tached by a still-uncharacterized link. Some O-mannosylated
cell wall proteins (CWPs) are attached to B-1,3-glucan via an
alkali-sensitive bond (73, 136138, 194).

Glucan synthase. 3-1,3-Glucan synthase (3-1,3-GS) (Table 1)
subunits have been identified using an in vitro assay for -1,3-GS
activity. Basically, membrane extracts are incubated with radiola-
beled UDP-glucose in the presence of GTP, and the accumula-
tion of acid-insoluble radioactive B-1,3-glucan follows (35). By
using such an assay, 3-1,3-GS was separated into membrane-
bound and cytosolic fractions, containing catalytic and regulatory
GTP-binding subunits, respectively (127). Cytoplasmic UDP-glu-
cose is likely the in vivo sugar donor, since mutants with defects in
UDP-glucose synthesis show cell wall defects (210).

(i) Catalytic subunit: the FKS family. A search for compo-
nents of the membrane-bound fraction revealed that two
highly homologous genes, FKSI and GSC2/FKS2, likely en-
code catalytic subunits of the 3-1,3-GS. Despite a large body of
genetic, molecular, cell biological, biochemical, and compara-
tive genomic evidence, the case for the Fks proteins being the
catalytic subunits of B-1,3-GS, while strong, remains circum-
stantial (summarized in reference 73). Unlike chitin synthase
(see below), B-1,3-GS has never been purified to homogeneity,
and thus its activity has not been reconstituted in vitro from
purified components. This is the situation for all B-glucan
synthases, including plant cellulose synthase (265), and resolv-
ing this problem will require improvements in the technology
of purifying enzymatically active membrane-bound complexes.

FKS1 (for FK506 sensitive) was originally cloned by comple-
mentation of a mutant that was hypersensitive to the cal-
cineurin inhibitor FK506 (216). The link between FKS/ and
the cell wall was established by the finding that ETGI! and
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FIG. 1. Schematic representation of cell wall components and their linkages. (A) Architecture of the lateral cell wall. The B-1,3-, B-1,4-, and
B-1,6-glucosidic bonds are represented as green, blue, and orange, respectively. Cell wall mannoproteins (CWP) can be linked to the B-1,3-glucan
via alkali-sensitive bonds (ASB) or to PIR proteins (PIR) via a disulfide link (SS). GPI cell wall proteins (GPI-CWP) are attached to the
8-1,6-glucan through a remnant GPI anchor (GPI Rem.). The links between -1,3-glucan and 3-1,6-glucan or PIR proteins are still uncharacterized
(7). Note that the figure qualitatively illustrates the cell wall linkages but does not reflect their stoichiometry. (B) Assembly of cell wall constituents
at the septum during bud emergence and at the mother/daughter interface (left and middle panels, respectively) and in the bud scar (right panel).
Color representation: lateral cell wall, light gray; plasma membrane, dark gray; chitin ring, pink; chitinous primary septum, yellow; glucan- and
mannoprotein-based secondary septum, green; chitinous bud scar, blue. (C) Ascospore wall organization. The glucan-mannoprotein, chitosan, and
dityrosine layers are shown in green, blue, and violet, respectively. Chitosan-rich interspore bridges connecting the spores are shown in blue. For

clarity the ascus cell wall has been omitted.

PBRI (whose mutants are resistant to -1,3-GS inhibitors),
CWHS53 (required for resistance to calcofluor white), and
CND1 (with mutant alleles requiring a functional calcineurin
pathway) are all identical to FKSI (44, 76, 80, 91, 231). FKS1
mutants show decreased B-1,3-GS activity, while Fks1 cofrac-
tionates with GS activity, implicating Fks1 as a B-1,3-GS cat-
alytic subunit (76, 119). FKSI encodes a 1,876-amino-acid (aa)
protein which localizes at the plasma membrane and is pre-
dicted to have 16 transmembrane domains (TMDs) (76, 119,
228). An Fksl-green fluorescent protein (GFP) fusion protein
expressed from the FKSI promoter localizes to sites of polar-
ized growth and colocalizes dynamically with actin patches (71,
286). Fksl shows a four-domain structure: it includes an
~400-aa N-terminal cytosolic tail thought to be involved in
activation of the GS activity, an ~300-aa region containing six
TMDs and required for Fks1 localization to sites of polarized

growth, an ~600-aa cytosolic putative catalytic domain, and a
C-terminal ~600-aa domain containing 10 TMDs and involved
in localization to the cell surface (71).

GSC2 encodes a 1,895-residue protein that is 88% identical
to Fks1 and has a similar topology and domain organization.
As with Fksl, a GFP-Gsc2 fusion protein is localized to the
sites of polarized growth (71). Gsc2 and Fks1 form a redundant
essential pair, with a double fksA gsc2A mutant being unviable
(119. 178). This synthetic lethality and the finding that purified
membranes from an fks/A mutant, which express only Gsc2,
show B-1,3-GS activity which can be immunodepleted on treat-
ment with anti-Gsc2 antibodies (119, 178) indicate that Gsc2 is
involved in B-1,3-glucan synthesis.

FKSI and GSC2 show differential patterns of expression.
The FKSI gene is expressed during mitotic growth, consistent
with its proposed function as the major B-1,3-GS subunit.
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TABLE 1. Enzymatic activities and genes required for cell wall polymer synthesis and remodeling in S. cerevisiae

Process Activity? Gene? Protein function/comment
B-1,3-Glucan synthesis B-1,3-GS FKS1 Catalytic subunit of B-1,3-glucan synthase
GSC2 Catalytic subunit of B-1,3-glucan synthase
RHO1 GTP-binding protein, regulatory subunit of $-1,3-glucan synthase
FKS3 Protein with similarity to Fkslp and Gsc2p
B-1,6-Glucan synthesis B-1,6 GS RHO1 Probable regulatory subunit of 3-1,6-synthase
Unknown BIGI ER membrane protein required for cell wall B-1,6-glucan synthesis
KRE1 Cell wall glycoprotein involved in B-glucan assembly
KRES UGGT-related protein required for B-1,6-glucan biosynthesis
KREG6 Protein required for -1,6-glucan biosynthesis
KREY9 Glycoprotein involved in cell wall B-glucan assembly
KNH1 Kre9p homologue
ROTI Protein required for cell wall function
SKNI Type II membrane protein with similarity to Kre6p
Chitin synthesis CSI CHS1 Required for repairing the chitin septum after separation
CS1I CHS2 Makes chitin in the primary septum during cytokinesis
CSHII CHS3 Makes the majority of cell wall chitin, the chitin ring during bud
emergence, and spore wall chitosan
SKT5 Activator of Chs3p, recruits Chs3p to the bud neck via an
interaction with Bni4p
SHC1 Sporulation-specific activator of Chs3p with similarity to Skt5p
Chitosan synthesis Chitin deacetylase CDAI Involved in biosynthesis of ascospore wall chitosan
CDA2 Involved in biosynthesis of ascospore wall chitosan
Protein mannosylation a-1,6-MT OCH1 N-glycan outer chain initiation
a-1,2/6-MT MNN9 ManPol I and II subunits involved in N glycosylation
a-1,6-MT VANI1 ManPol I subunit involved in N glycosylation
ANPI ManPol II subunit involved in N glycosylation
HOC1 ManPol II subunit involved in N glycosylation
MNNI0 ManPol II subunit involved in N glycosylation
MNNI11 ManPol II subunit involved in N glycosylation
a-1,3-MT MNNI1 Involved in N glycosylation termination and O mannosylation
a-1,2-MT MNN2 Branching of outer chain of N glycosylation
MNN5 N-glycan outer chain extension
MNT2 a-1,3-Mannosyltransferase involved in O mannosylation
MNT3 a-1,3-Mannosyltransferase involved in O mannosylation
a-1,2 MT KRE2 KTR family member involved in N and O glycosylation
KTRI KTR family member involved in N and O glycosylation
MT KTR2 KTR family member involved in N and O glycosylation
KTR3 KTR family member involved in N and O glycosylation
YURI KTR family member involved in N and O glycosylation
KTR4 Putative mannosyltransferase
KTRS5 Putative mannosyltransferase
KTR7 Putative mannosyltransferase
a-1,2-MpT KTR6 a-1,2-Mannosylphosphate transferase involved in N glycosylation
Glucan processing/remodeling B-1,3-Glucan elongase GAS1 B-1,3-Glucanosyltransferase
Exo-B-1,3/1,6-glucanase EXGI Major exo-B-1,3-glucanase of the cell wall
EXG2 GPI-anchored plasma membrane exo-B-1,3-glucanase
SPRI Sporulation-specific exo-f-1,3-glucanase

Continued on following page
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TABLE 1—Continued

Process Activity? Gene? Protein function/comment
Endo-B-1,3-glucanase BGL2 Can link in vitro B-1-3-glucan chains through a -1,6-linkage
DSE4 Involved in septum degradation
Glucanase like DSE2 Glucanase-like secreted protein involved in septum degradation
EGT2 GPI-anchored cell wall endoglucanase required for proper cell
separation after cytokinesis
GAS2 GAS family member
GAS3 GAS family member
GAS4 GAS family member
GAS5 GAS family member
Scw3 Glucanase-like “soluble” cell wall protein
SCW4 Glucanase-like “soluble” cell wall protein
SCwi0 Glucanase-like “soluble” cell wall protein
SCW11 Glucanase-like protein
Chitin processing Chitinase CTS1 Endochitinase, required for cell separation after mitosis
CTS2 Sporulation-specific endochitinase-like protein
Glucan/chitin cross-linking Transglycosidase CRH1 Putative glycosidase of the cell wall
UTR2 Putative GPI-anchored glycosidase localized to the bud neck
CRRI Protein with similarity to Crhlp

“ MT, mannosyltransferase; MpT, mannosylphosphate transferase.

? Genes whose products have no known or established enzymatic activity are in boldface.

Upon a-factor release of a synchronized population, levels of
the FKS1 transcript peak at the late G,/S phase of the cell
cycle, in a way similar to that for the G,/S cyclin CLN2, thy-
midylate synthase CDC21, and histone H2A HTA?2 transcripts
(178, 231). This expression pattern is dependent on Swi4, the
DNA-binding component of the Swi4-Swib6 cell cycle box bind-
ing factor (SBF) transcription factor (115). A genome-wide
survey of SBF binding sites by chromatin immunoprecipitation
followed by microarray hybridization revealed that the FKSI
promoter is bound in vivo by SBF (121). These data indicate
that during the cell cycle, FKSI expression is regulated by the
SBF transcription factor. In addition, a weak Rlm1-dependent
increase of FKSI mRNA levels upon hyperactivation of the
mitogen-activated protein (MAP) kinase Slt2 has been re-
ported (123), suggesting that the protein kinase C (PKC) cell
integrity pathway through its principal transcription factor
RIm1 also regulates FKSI expression.

In contrast, GSC2 mRNA, which is undetectable during
mitotic growth on glucose, accumulates upon glucose exhaus-
tion, during growth on low levels of glucose, or during growth
on galactose, glycerol, or acetate. These expression changes
coincide with decreased levels of the FKSI transcript (178,
313). Thus, GSC2 expression appears to be under catabolite
repression. Consistent with this, deletion of the catabolic-repres-
sor-encoding gene MIG1 results in a high basal transcription and
aweak low-glucose induction of a GSC2-driven reporter. Further,
the induction of GSC2 at low glucose concentrations is regulated
by the Snfl protein kinase, mediating derepression of glucose-
repressed genes (313). The regulators of GSC2 induction upon
entry into stationary phase and on nonglucose substrates have not
been identified. Whether GSC2 transcript levels are cell cycle
regulated during growth on a nonglucose carbon source is
unknown.

GSC2 can also be induced by a number of environmental

stimuli. The addition of extracellular calcium or a-factor leads
to strong GSC2 induction that is dependent on the calcineurin
signaling pathway (178) and is mediated by Crzl, a zinc finger
transcription factor that binds to a calcineurin-dependent re-
sponse element in the GSC2 promoter (176, 268).

Shift of a wild-type strain from 23°C to 39°C also induces
GSC2 mRNA accumulation (313). A block in the calcineurin
pathway by addition of the drug FK506 delays this induction,
indicating that the calcineurin pathway is responsible for the
rapid GSC2 response upon heat shock. In contrast, an sit2
mutant, which is defective in PKC cell integrity pathway sig-
naling, exhibits a rapid but transient increase of GSC2 mRNA
levels upon temperature shift, suggesting that the PKC cell
integrity pathway is required for the maintenance of GSC2
expression during growth at high temperature (313). Further,
exposure to cell wall- and cell surface-damaging agents, such as
caspofungin and amphotericin B, or deletion of genes required
for cell wall assembly, such as fksI, gasi, kre6, mnn9, or smil,
also results in high levels of GSC2 mRNA (5, 145, 178, 232).
These effects, too, are thought to be mediated by the PKC cell
integrity and/or the calcineurin pathway (see below). For ex-
ample, exposure of wild-type cells to calcofluor white (a toxic
chitin-binding agent) or to Zymolyase (a B-1,3-glucanase en-
zymatic preparation) increases expression of a GSC2-lacZ re-
porter in an Slt2-dependent manner (68). A promoter dissec-
tion study revealed that both Rlm1, the target of the PKC cell
integrity pathway, and Crzl mediate calcofluor induction of a
GSC2-lacZ reporter (145). Finally, treatment with the reduc-
ing agent dithiothreitol induced high levels of the GSC2 tran-
script (282). Possible explanations for this include cell wall
stress caused by perturbing the function of disulfide-bridged
cell wall proteins, Fks1 misfolding, or a disruption of intracel-
lular calcium homeostasis caused by malfunction of the endo-
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plasmic reticulum (ER).

Consistent with Fks1 function in -1,3-glucan synthesis, an
fks1A mutant shows a reduced B-1,3-GS activity and an altered
cell wall composition, with decreased B-1,3- and B-1,6-glucan
levels and increased chitin and mannan levels (30, 59, 71, 76,
151, 213, 232). In contrast, during vegetative growth on glu-
cose, a gsc2 mutant has no cell wall defect or growth pheno-
type. However, a homozygous gsc2/gsc2 null diploid fails to
sporulate. The effects of the deletion of FKSI or GSC2 can be
partially suppressed by overexpression of the other member of
the pair (71, 178), indicating their functional similarity. How-
ever, the strength of the phenotypes observed in an fks/ mutant
compared to a gsc2 mutant shows that Fks1 is the major player
during vegetative growth on rich medium, with Gsc2 being the
protein functioning under more stressful conditions. As men-
tioned above, fks! mutants show hypersensitivity to FK506 or
calcofluor white (91, 231), two phenotypes explained by the
calcineurin-dependent GSC2 induction and by the increased
cell wall chitin found in the fks/ mutant. Interestingly, an fksiA
mutant is more sensitive to caspofungin, echinocandins, or
aerothricin 3 than is a gsc2A mutant (139, 150, 178). The
differential sensitivity of the two proteins to these compounds
and their expression balance likely explain these phenotypes.

The S. cerevisiae FKS family has a third member, FKS3,
whose product is 55% identical to both Fksl and Gsc2. A
search for Fks3 function in glucan or cell wall synthesis under
vegetative growth conditions has been unsuccessful: no pheno-
type was associated with an FKS3 deletion, and no activity
could be attributed to Fks3 (71). However, in a large-scale
search for sporulation mutants, a homozygous fks3/fks3 null
diploid was found to be sporulation deficient, indicating that
Fks3 is required for optimal sporulation (70). FKS3 expression
is regulated by Stel12 upon pheromone exposure (311), imply-
ing that Fks3 may also have some role in mating.

(ii) Rhol, a regulatory subunit. Considerable biochemical
and genetic evidence identifies the Rhol GTPase as a regula-
tor of B-1,3-GS (78, 177, 228): (i) Rhol colocalizes and copu-
rifies with Fks1 and cofractionates with B-1,3-GS activity, (ii) a
thermosensitive rhol mutation leads to thermolabile B-1,3-GS
activity, and (iii) a hyperactive rhol allele shows a GTP-inde-
pendent B-1,3-GS activity. The essential 24-kDa Rhol is the
prototype of small G proteins which in their active GTP-bound
state bind and activate their effectors (for reviews, see refer-
ences 34 and 274). Although Fks1 and Gsc2 are well estab-
lished as Rhol effectors, the interaction domains between the
catalytic and the regulatory subunits of the -1,3-GS and the
basis for Rhol activation on B-1,3-GS catalytic subunits remain
unknown. In addition to its role as a subunit of the 3-1,3-GS,
Rhol plays a critical role in the coordination of cell wall or-
ganization and the polarization of the actin cytoskeleton by
regulating signaling through the cell integrity pathway (see
“The PKC cell integrity pathway” below and Fig. 4). These
Rhol functions are separable, and a phenotypic and comple-
mentation analysis of 12 rhol temperature-sensitive alleles
identified 4 rhol alleles with direct effects on 8-1,3-GS activity
(245). The Cabib group reported seven additional tempera-
ture-sensitive rhol alleles specifically affecting B-1,3-GS regu-
lation (239). These showed bud lysis and decreased incorpo-
ration of cell wall component phenotypes at the restrictive
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temperature.

Like other small G proteins, Rhol cycles between its active
GTP-bound state and its inactive GDP-bound state under
modulation by GDP-GTP exchange factors (GEFs) and GTPase-
activating protein (GAPs). Specific GAPs and GEFs are
thought to regulate G-protein—effector pairs, and to date, four
Rhol GAPs and three Rhol GEFs have been identified (152,
243). Of those, Lrgl and Rom?2 are the respective GAP and
GEF specialized for the regulation of B-1,3-glucan synthesis.
Indeed, using a thermosensitive fksi-1154 gsc2A double mu-
tant, which shows a thermolabile B-1,3-GS activity (253),
Oyha’s group reported that mutation in LRG1 or overexpres-
sion of ROM?2 restored the impaired B-1,3-glucan synthesis of
this mutant (253, 301). Two additional multicopy suppressors
of the fksi-1154 gsc2A phenotype, LREI and ZDS1, activate
the GS activity through Rhol (253). However, no GEF activity
has been described for the products of these two genes, and
how they act to stimulate B-1,3-glucan synthesis is still unclear.

Finally, Rhol is membrane anchored via a C-terminal prenylyl
tail, which is required for Rhol membrane association and for
its function in regulating B-1,3-GS activity (118).

(iii) Fungal glucan synthases. 3-1,3-Glucan is widely used by
fungi, and a BLAST search for Fksl homologues in the NCBI
nonredundant database of fungal protein sequences on 1 Feb-
ruary 2006 returned over 90 matches with E values of <0.001
in 40 organisms (http://www.ncbi.nlm.nih.gov/BLAST/). Yar-
rowia lipolytica, Cryptococcus neoformans, Coccidiodes posa-
dasii, and Pneumocystis carinii all possess a single essential FKS
gene (132, 149, 218, 278). A single FKS orthologue is also
found in the completed genomes of Aspergillus nidulans, As-
pergillus fumigatus, Neurospora crassa, and Rhizopus oryzae,
indicating that these organisms also possess a single FKS gene
that is likely essential (17, 114, 133, 249). The FKS protein of
N. crassa bound the UDP-glucose analog 5-azido-UDP-glu-
cose in a cross-linking study using a partially purified FKS
preparation (249). However, work is needed to confirm the
specificity and functional relevance of this substrate binding.
The genome of Candida albicans contains three putative FKS
homologues. Of these, the GSCI gene is essential, and mutant
alleles show an altered sensitivity to echinocandins; in contrast,
GSLI encodes a truncated protein, and GSL2 expression, if
any, is very low (183). Thus, it is likely that a single and
essential catalytic GS subunit, encoded by GSC1I, functions in
this organism. Finally, some species, such as Schizosaccharo-
myces pombe, Ashbya gossypii, and members of the genus Sac-
charomyces, have an FKS gene family. For example, Schizosac-
charomyces pombe has four FKS homologues, three of which
(bsg™, bsg2™, and bsg3™) are expressed during vegetative
growth and sporulation and one of which (bsg4 ") is sporulation
specific. The differential localization of these proteins indicates
that each has a specialized function in polarized cell wall
growth, septum synthesis and cytokinesis, and ascospore wall
assembly (56, 57, 158, 173, 174). This presence of an FKS
family in some organisms probably reflects the selective reten-
tion of duplicated genes through increased fitness conferred by
their specialized application of GS function. This complexity is
also found in plants, the cell walls of which can contain callose,
a B-1,3-glucan induced in response to wounding. Plant cells
possess multiple FKS genes, with many of the 12 callose syn-
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thase genes present in the genome of Arabidopsis thaliana
being tissue and development specific (for a review, see refer-
ence 292).

The absence of B-1,3-glucan in mammals and its widespread
distribution and essentiality in the fungal kingdom has made
GS a favored antifungal target. Echinocandins, such as caspo-
fungin, have been developed as drugs targeting GS. Caspofun-
gin is active against many Candida and Aspergillus species and
is approved for the treatment of fungal infections in patients
whose infections are refractory to other therapies (for a review,
see reference 69). Despite the B-1,3-GS activity from Crypto-
coccus neoformans membranes being effectively inhibited in
vitro, Cryptococcus neoformans is resistant to caspofungin
(169). However, in Cryptococcus neoformans, caspofungin has
been found to be synergistic in combination with membrane-
interfering drugs such as amphotericin B or azoles (88).

B3-1,6-Glucan

In addition to having B-1,3-glucan, many fungi, including S.
cerevisiae, have a second B-linked glucan, B-1,6-glucan. In con-
trast to the microfibrillar structure of B-1,3-glucan, in S. cer-
evisiae this 3-1,6-polymer is shorter than B-1,3-glucan, is amor-
phous in structure, and acts as a flexible glue by forming
covalent cross-links to 3-1,3-glucan and chitin and to cell wall
mannoproteins (138) (Fig. 1A). Studies on S. cerevisiae B-1,6-
glucan have been reviewed (210, 256), and earlier work will
only be summarized here. The polymer has an average chain
length of ~350 glucose residues (138), with the 3-1,6 backbone
branched with B-1,6 side chains via 3,6-substituted glucose
residues on ~15% of the residues (167, 170). In vegetative
cells, the B-1,6-polymer comprises ~12% of the cell wall poly-
saccharide (167).

Data from C. albicans show that its -1,6-glucan polymer has
a more linear structure than that found in S. cerevisiae, with
branch points on ~7% of the residues, and is more abundant,
comprising ~21% of the total cell wall carbohydrate (108,
184). Recent structural studies on the cell wall of Schizosac-
charomyces pombe clarify the nature and structure of its 3-1,6
polymer (168, 271), now called diglucan by Magnelli et al.
(168). Diglucan has a -1,6-linked backbone, but 75% of these
residues are also B-1,3 linked so that the polymer is highly
branched, far more so than in S. cerevisiae and C. albicans.
Schizosaccharomyces pombe diglucan is moderately abundant,
comprising 15% of the cell wall polysaccharide.

These comparative studies indicate the variability of B-1,6-
glucan structure among yeasts, with the more highly branched
Schizosaccharomyces pombe diglucan likely a variant of the
B-1,6-glucan found in S. cerevisiae and C. albicans. A simplify-
ing general view is that these polymers share a common path of
synthesis of the B-1,6 backbone, with much fungus-specific
variation in frequency of branching and cross-linking. If this
common-pathway view is true, then the immunodetection of a
B-1,6-polymer in the Golgi and vesicles of Schizosaccharomyces
pombe (113) shows that synthesis of the 3-1,6 backbone occurs
at least partially in the secretory pathway. However, Magnelli
et al. (168) point out that the diglucan structure also raises the
possibility of a synthesis from preformed building blocks, for
example, from repetitive core units that are linked to each
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other from a lipid-linked oligosaccharide or by a transglyco-
sidase.

The B-1,6 polymer has been reported to occur widely among
the fungi, including the Hemi-, Archae-, and Euascomycetes
and the Basidiomycetes (see discussion in reference 297). An
analysis of the alkali-insoluble fraction of the cell wall of the
filamentous euascomycete A. fumigatus found no B-1,6-glucan
(87). However, there are reports of wall proteins covalently
linked to B-1,6-glucan in the related species Aspergillus niger
and Fusarium oxysporum (26, 252). Thus, a comparative struc-
tural analysis of the cell walls of filamentous ascomycetes for
the presence of B-1,6-glucan is needed among this large and
divergent group of fungi. More generally, the widespread oc-
currence of the polymer across fungal lineages shows that it
was present early in fungal evolution prior to the Basidiomy-
cetes-Ascomycetes divergence and that it may have subse-
quently been lost from some groups.

Genetic analysis. Extracellular polysaccharides are made ei-
ther in secretory pathway compartments (e.g., N- and O-gly-
cans) or at the cell surface (e.g., B-1,3-glucan and chitin).
While it remains unclear which synthetic pathway is used to
make B-1,6-glucan, components both in the secretory pathway
and at the cell surface are required.

In S. cerevisiae, genes affecting B-1,6-glucan levels are found
throughout the secretory pathway to the cell wall (213, 256),
and it has been proposed that these define a biosynthetic path-
way (21, 210). However, most of these genes are not directly
involved in B-1,6-glucan synthesis, and this has prevented iden-
tification of the gene(s) encoding the B-1,6-glucan synthase.
On the more positive side, B-1,6-glucan genetics have uncov-
ered much interactional complexity of cell surface assembly in
which the synthesis and regulation of this polymer are embed-
ded (Table 1).

For example, a cluster of genes involved in protein gluco-
sylation-dependent ER quality control in other organisms
(KRES5, CNE1, CWH41, and ROT2, encoding UDP-glucose:
glycoprotein glucosyltransferase [UGGT]- and calnexin-re-
lated proteins and glucosidases I and II, respectively) are re-
quired for normal levels of B-1,6-glucan synthesis in S.
cerevisiae (2, 256, 257). Why this is so is unknown, but they
likely act indirectly to maintain wild-type levels of some un-
identified components of the B-1,6-glucan synthetic machinery.
Such a situation resembles the finding for Arabidopsis thaliana
that glucosidases I and II, the plant equivalents of S. cerevisiae
Cwh41 and Rot2, are required for cellulose synthesis (32, 96).
Further, in S. cerevisiae, a cluster of genes involved in core
N-glycan synthesis also affects B-glucan levels (45, 213, 257).
Possible explanations include the synthetic components being
N-glycoproteins or the need for a glucosylated acceptor struc-
ture for B-1,6-glucan chain initiation.

(i) KRES. One gene, KRES, which has quality control func-
tions in other organisms but a strong B-1,6-glucan phenotype
in S. cerevisiae, has been particularly intensively studied. Kre5
is a large soluble ER-resident protein (153, 180) that shows
weak but significant sequence similarity to eukaryotic UGGTs
and is a highly diverged member of this family (10). Classic
UGGTs monoglucosylate misfolded N-glycoproteins in the ER
as part of a protein-refolding pathway (reviewed in reference
217). This pathway has not been found to operate in S. cerevi-
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siae; rather, mutations in KRES are lethal or cause very severe
growth defects and greatly reduced levels of B-1,6-glucan (11,
153, 180).

Comparative studies strongly suggest that the S. cerevisiae
Kre5 is a diverged UGGT and that the role of KRES in B-1,6-
glucan synthesis is indirect. The C. albicans Kre5 sequence far
more closely resembles the well-characterized UGGTs (108)
and, although this has not been shown directly, is likely a
UGGT. C. albicans homozygous kreS/kre5 null mutants are
viable and show reduced B-1,6-glucan levels, though the resid-
ual 20% of the polymer in the mutant appears identical in
structure to that of the wild type. This glucan phenotype argues
that Kre5 is not the C. albicans B-1,6-glucan synthase. The C.
albicans KRES5 gene complements an S. cerevisiae kre5 null
mutant (108, 153) and allows B-1,6-glucan levels to be restored
(108). Thus, as the C. albicans protein can substitute for the S.
cerevisiae one, the S. cerevisiae Kre5p is also likely to be a
UGGT. Both Levinson et al. (153) and Herrero et al. (108)
speculate that the diverged S. cerevisiae protein is a more
specialized UGGT in these yeasts, perhaps serving as an ER
protein glucosyltransferase/chaperone dedicated to proteins
involved in B-1,6-glucan synthesis.

(ii) BIGI and ROTI. BIGI and ROTI are fungus-specific
essential genes whose null mutants can be osmotically rescued
by adding 0.6 M sorbitol to the growth medium to give very
slowly growing cells that, with patience, are amenable to ex-
perimentation. Both genes were initially identified as suppres-
sors of target of rapamycin-related phenotypes by the Hall
group (18). Consistent with their invoking a cell wall stress
response, both big/ and rotl mutants have increased B-1,3-
glucan and chitin levels (18, 165, 213). Mutants with mutations
in BIG1 and ROT]I have large reductions in -1,6-glucan com-
pared to a wild-type strain, though, importantly, there is a
small amount of residual polymer, suggesting that, like KRES,
neither gene encodes the B-1,6-glucan synthase. Both Bigl and
Rotl are small integral membrane proteins. Bigl is an ER
resident, while the location of Rot1 is unknown. A bigl mutant
synthetically interacts with a kre5 mutant but not with a rot]
mutant, implying that Bigl and Rotl act in a related pathway,
perhaps in protein folding or quality control, that is at least
partially distinct from that of Kre5 in the ER.

(iii) KRE6 and SKNI. The duplicated pair of type 2 Golgi
proteins encoded by KRE6 and SKNI is required for normal
levels of B-1,6-glucan. Both proteins have a luminal domain
with sequence and structural similarity to family 16 glycoside
hydrolases, which are likely glucosyl hydrolases or transglu-
cosylases (186). Such an activity might indicate some glucose-
processing step, rather than a glucan synthase. Possibilities
include processing of some precursor or acceptor for B-1,6-
glucan polymer synthesis or the processing of a B-1,6-glucan
synthase-associated glycoprotein.

(iv) KRE1. KRE] is linked biosynthetically with 3-1,6-glucan.
The krel mutant has both a reduced level and an altered
structure of the residual polymer, with the mutant polymer
being shorter than the wild type (21). This suggests that the
plasma membrane-associated, GPI-anchored Krel acts to ex-
tend the chain by adding linear B-1,6-glucan onto a highly
branched acceptor glucan.

(v) KRE9 and KNH1. The duplicated pair of fungus-specific
genes KRE9 and KNH] is synthetically lethal and shows a
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strong B-1,6-glucan reduction, with a kre9 null mutant having
shorter 3-1,6-glucan chains as shown by gel filtration (25, 256).
They likely encode secreted or cell surface O-glycoproteins,
but this has been shown only by their overexpression (72).
Possible roles for these proteins include anchoring or cross-
linking the newly synthesized B-1,6-glucan in the wall or as
extracellular components of a 3-1,6-glucan synthase.

(vi) Overview. Why has genetic analysis been so difficult
here? Potential problems hindering gene identification are that
the B-1,6-glucan synthase may have an essential gene for which
hypomorphic alleles are difficult to obtain or that these syn-
thases form a gene family where mutants with mutations in
single genes have weak phenotypes. Further, the area lacks
any complementary biochemistry. To begin biochemical ap-
proaches, a sensitive dot blot immunoassay for the in vitro
synthesis of -1,6-glucan has been developed using an anti-3-
1,6-glucan specific antibody (297). This assay requires a crude
cell-free membrane preparation, UDP-glucose, and GTP. The
nature of the in vitro reaction has not been investigated, but in
defective mutants the rate of de novo synthesis correlates with
their reduced levels of endogenous B-1,6-glucan. This suggests
that 3-1,6 chain elongation is being measured, with the rate of
the in vitro reaction being proportional to the number of B-1,6-
glucan chains present at the start of the reaction in the mem-
brane extracts of the various mutants. The GTP dependence of
the reaction implies involvement of a GTP-binding protein in
regulating -1,6-glucan synthesis. The reaction was indepen-
dent of RHO2 to -5 but was stimulated by overexpression of
RHOI, suggesting that like B-1,3-glucan synthase, 3-1,6-glucan
synthase is Rhol dependent. It is hoped that this assay will be
the spur for some much-needed biochemical investigation in
this area.

Chitin and Chitosan

Chitin is a linear polymer of B-1,4-linked GlcNAc. It forms
microfibrils which are stabilized by hydrogen bonds. In the
crystalline form, microfibrils can orient in a parallel, an anti-
parallel, or an alternating parallel and antiparallel manner (for
a review, see reference 142). Chitin is a minor constituent of
the S. cerevisiae lateral wall (1 to 2% cell wall dry weight) and
is concentrated at the bud neck and at the septum. The lengths
of chitin chains in the cell wall and in bud scars are estimated
to be ~100 and 190 GlcNAc residues, respectively (128, 136).
In the cell wall, about 40 to 50% of the chitin chains are linked
to the nonreducing end of B-1,3-glucan via a 3-1,4 bond en-
gaging the reducing end of the chitin polymer (137) (Fig. 1A).
Its crystalline structure confers stretching resistance to the
cell wall. Chitin deposition within the cell is precisely con-
trolled both spatially and temporally (for a review, see ref-
erence 29). At late G, it is deposited as a ring at the site of
bud emergence, then as a disk (the primary septum), and
finally in the lateral cell wall of the mother cell after septa-
tion (Fig. 1B and 2).

Chitin synthase. The reaction catalyzed by chitin synthase
uses UDP-GIcNACc as the sugar donor. The synthesis of UDP-
GlcNAc occurs in the cytosol (210), whereas chitin is found
extracellularly. Analysis of chitin synthesis in spheroplasts or
by the enrichment of chitin synthase in membranes indicates
that, in addition to catalyzing chitin polymerization per se,
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Chitin stress
response

FIG. 2. Trafficking and biosynthetic pathways for chitin synthases 2
(A) and 3 (B). The CHS2 and CHS3 genes and their products are repre-
sented in red (A) and green (B), respectively. The chitin made by Chs2 is
shown in yellow, and that made by Chs3 is shown in pink. The cell wall, the
plasma membrane, and septin rings are shown in light and dark gray and
as a blue ring, respectively (A and B), and the actin-myosin ring is rep-
resented as a hatched gray ring (A). Nucleus, Nuc.; vacuole, Vac.

chitin synthase has the capacity to extrude the polymer extra-
cellularly through the plasma membrane (210). Three chitin
synthase activities have been identified in S. cerevisiae mem-
brane extracts and distinguished by their in vitro biochemical
properties (Table 1): chitin synthase I (CSI) has a cryptic
activity that can be detected by trypsin activation and incuba-
tion in the presence of Mg®" at an optimum pH of 6.5, CSII
activity is detected after proteolytic activation in the presence
of Co*" at an optimum pH of 8, and CSIII is active at pH 8 in
the presence of Co®" without proteolytic activation (for a
review, see reference 29). Although CSI and CSII activities can
be detected in vitro upon proteolytic treatment, it is unclear
whether these proteins are synthesized as precursors and
whether and how they are converted from zymogens to active
forms in vivo. The genes encoding the catalytic subunits of CSI,
CSII, and CSIIT are CHS1, CHS2, and CHS3, respectively, and
encode 1,131-, 963-, and 1,165-residue integral membrane pro-
teins with six or seven putative transmembrane domains (28,
260, 289).

A C-terminally tagged Chs2 can be detected throughout the
secretory pathway in cells that are unbudded or have a small
bud, while it is found at the bud neck in large-budded cells
(Fig. 2A), indicating that Chs2 localization is regulated during
the cell cycle. Analyses of a-factor-synchronized cells show
that the levels of CHS2 mRNA and Chs2 fluctuate with the cell
cycle, peaking during M phase and at the end of mitosis,
respectively, while pulse-chase analysis indicates that Chs2 is
synthesized only at the end of mitosis (50, 215, 267). Chs2
levels are stabilized by secl-1, sla2/end4-1, and pep4A muta-
tions, affecting Golgi-plasma membrane transport, endocyto-
sis, and protein degradation in the vacuole, respectively. Col-
lectively, these results indicate that Chs2 is transported
through the secretory pathway to the plasma membrane at the
bud neck, internalized by endocytosis, and then targeted to the
vacuole for degradation (50) (Fig. 2A). CHS2 is essential in
many strain backgrounds, and chs2 mutants show major sep-
tum disorganization, indicating that Chs2 makes the chitin in
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the primary septum (258, 261). In addition to Chs2, the process
of septation requires an actin-myosin ring, which provides
the contractile force required for cytokinesis and whose
function is intimately linked to that of Chs2 (251). The
localization of both Chs2 and the actin-myosin ring requires
the assembly of 10-nm septin filaments consisting of five
conserved GTP-binding domain-containing proteins (the
CDC3,-10,-11, and -12 and SHS1/SEP7 gene products) (see
references 77, 160, and 294 for reviews on septin function
and assembly). Septin filaments organize as a ring that forms
prior to bud formation at the incipient bud site and acts as
a scaffold recruiting proteins to the bud neck, including
actin-myosin ring components, such as Myol and filamen-
tous actin (157; see references 77, 160, and 294 for reviews).
At the start of cytokinesis, the septin ring splits into two
rings which act to restrict Chs2 localization, thus guiding
septum synthesis between the split rings (74, 240). This
process is illustrated in Fig. 2A. In septin mutants, localiza-
tion of Chs2 and other components of the septation appa-
ratus is perturbed, leading to ectopic septum synthesis
(240).

Exit of Chs3 from the ER and its further transport to the
Golgi requires Chs7, which prevents Chs3 aggregation (140,
284). Examination of Chs3 localization by indirect immunoflu-
orescence reveals intracellular and punctuate labeling in most
cells, with a ring structure at the bud neck of small-budded
cells (50) (see Fig. 2B for a cartoon of Chs3 trafficking dynam-
ics). Though the levels of CHS3 mRNA fluctuate during the
cell cycle, with a peak in G; (215), the steady-state levels of
Chs3 are stable, with a half-life of 90 min, and are unaffected
by deletion of PEP4, indicating that Chs3 is not degraded in
the vacuole (50). Rather, a large fraction of the protein accu-
mulates in intracellular vesicles, loosely termed chitosomes,
with a minor fraction found at the plasma membrane (50, 315).
The intracellular transit of Chs3 has been elucidated using
mutants with secretory defects. A sec/-1 mutant accumulates
Chs3 in Golgi-derived vesicles (50), whereas a chs5A mutant
accumulates Chs3 in an inactive form in Golgi-derived vesicles
(47, 247). In a chs6 null mutant, Chs3 accumulates in chito-
somes and does not reach the plasma membrane (316). A
mutation in END3 or SLA2 decreases the amount of Chs3 in
purified chitosomes (315, 316). The interaction between Chs3
and Skt5 at the plasma membrane is required for CSIII activity
(65, 209, 283). Finally, the appearance and activity of Chs3 at
the bud neck depend on the association of the Chs3 activator
Skt5 with Bni4, a protein recruited by the Cdcl0 septin (65).
This data set is consistent with Chs3 being transported through
the secretory pathway, stored in chitosomes, and then mobi-
lized to the plasma membrane in a Chs6- and septin-dependent
process where it is fully activated upon interaction with Skt5
(Fig. 2B).

A chs3 mutant lacks chitin at the incipient bud site and in the
lateral wall, with chitin detectable only at the septum (258).
This indicates that Chs3 is responsible both for the synthesis of
the chitin ring at the bud base and for lateral wall chitin. The
chitin ring is thought to provide stretching resistance at the bud
neck, thereby ensuring cell integrity during bud expansion (Fig.
2A and B [note the presence of the ring]). A chs2 chs3 double
mutant is inviable, indicating that these two chitin synthases
have partially redundant function. Indeed, in a chs2 mutant,
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Chs3 synthesizes a “remedial septum,” which is disorganized
and much thicker than the wild-type primary septum (258).
Under conditions of cell wall stress, such as defective glucan
synthesis or exposure to cell surface-perturbing agents, the
levels of chitin in the cell wall increase dramatically in a Chs3-
dependent manner (211, 221). Thus, Chs3 is a component of
the normal cell wall synthesis machinery that can be stress
activated (Fig. 2B). In addition, CHS3 mRNA is induced dur-
ing sporulation, and the spore walls of homozygous chs3/chs3
null diploids lack chitosan (46, 215). Thus, the role of Chs3
during sporulation is to make the chitin which is deacetylated
to chitosan during ascospore maturation (see below). Further-
more, CSIII activity can be stimulated by the sporulation-
specific Skt5 homologue Shclp, indicating a dedicated Chs3
activation pathway in ascospore synthesis (248).

The third CHS gene, CHS1, shows an expression pattern sim-
ilar to that of CHS3, peaking in early G,, while the Chsl level
remains constant during the cell cycle (215, 315). Chs1 shows the
same dual subcellular localization as Chs3, with most of the pro-
tein found in chitosomes and a minor fraction found at the plasma
membrane (147, 315). Since Chs1 and Chs3 both populate chito-
some vesicles, they are thought to follow the same route. How-
ever, the localization of Chs1 is independent of Chs6 (316), hint-
ing that Chsl may require specific trafficking factors.

A chsl1 null mutant shows a cell wall defect at the birth scar,
which can lead to daughter cell lysis (37). This phenotype is
dependent on the chitinase-encoding gene C7S7 and is almost
completely suppressed in a chsl ctsl double mutant (38).
These data led to a model in which Chs1 repairs the chitinase-
mediated septum degradation that occurs during cell separa-
tion. CHSI mRNA levels are induced by extracellular calcium
in a Crzl-dependent process (309) and by mating pheromones
(9, 46, 236). The CHSI promoter contains pheromone-respon-
sive elements. CSI is the only chitin synthase activity detectable
in vitro from extracts of cells in stationary phase (29), but the
biological significance of this finding remains unclear.

In addition to fungal cell walls, chitin is found in nematode
eggshells and in insect and crustacean exoskeletons, and to
date, the SwissProt (http://au.expasy.org/sprot/) and BRENDA
(http://www.brenda.uni-koeln.de/) databases contain more than
50 sequences of chitin synthase genes. Since chitin is critical for
development and morphogenesis, chitin synthesis inhibitors
and chitinolytic enzymes have been developed as fungicides
and insecticides.

Using Chs2 as a model, Nagahashi and colleagues mapped
the catalytic domain of this chitin synthase, which contains three
motifs (QXXEY, EDRXL, and QXRRW) that are found in all
chitin synthases and believed to be necessary for the transfer of
GlcNAc to the growing chitin chain (198). An alignment of amino
acid sequences of 48 fungal chitin synthases extends the
consensus sequence (QXXEYX,LPG/A, LA/GEDRXL,
QR/GRRWL/IN) and reveals that this signature domain is
included in a ~250-amino-acid region with conserved predicted
secondary structure (244). A second region located C terminal
to a putative transmembrane domain is thought to play a role
in chitin extrusion across the plasma membrane (306). Two
families occur, based on the position of the chitin synthase
signature domain, with family 1 and 2 proteins having their
motifs in their middle or in their C-terminal half, respectively
(244). S. cerevisiae Chsl and Chs2 belong to family 1 and Chs3
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to family 2. Chsl shares 58% and 28% identity with Chs2 and
Chs3, respectively, and Chs2 shares 32% identity with Chs3
over the signature domain. In addition to the position of the
chitin synthase signature domain, the two families are
distinguished by the presence of specific motifs. These chitin
synthase families can be further subdivided in five classes (23,
181, 266), with families 1 and 2 containing three and two distinct
classes, respectively.

Classes I and II, originating from family 1, are found in
yeasts and filamentous fungi. Chsl and Chs2 are found in
classes I and II, respectively. The third family 1 class, class 111,
is found only in filamentous fungi. Family 2 enzymes of class
IV are found in yeasts and filamentous fungi, whereas class V
Chs proteins are found in filamentous fungi only. Class IV
contains Chs3 and Chs3-like proteins. Interestingly, a number
of class IV members, including Chs3, bear a C-terminal region
whose deletion leads to a dramatic decrease in chitin synthase
activity (58). This hydrophilic region, which is absent from
Chsl- or Chs2-like proteins, may constitute a regulatory do-
main. Chs3 can self-interact in a two-hybrid test, showing that
it can dimerize (65). Whether the protein functions as a dimer
and whether other Chs proteins also dimerize remain to be
demonstrated. Class V members are characterized by the pres-
ence of a large myosin motor-like domain which has a pre-
sumed role in the actin-based localization of these proteins to
sites of active chitin synthesis during the cell wall growth of
hyphal filaments.

Chitin deacetylases. Two sporulation-specific S. cerevisiae
genes, CDAI and CDA2, confer chitin deacetylase activity
when ectopically expressed during vegetative growth and to-
gether are required for chitosan formation during sporulation
(Table 1) (48, 185). An homozygous cdal/cdal cda2/cda2 dou-
ble mutant shows increased spore lysis upon treatment with the
lytic enzyme preparation Zymolyase or Glusulase, indicating
the protective role of the chitosan layer (48, 185).

Mannoproteins

Linked to the cell wall polysaccharides are a varied set of
mannoproteins that collectively form yeast mannan, the elec-
tron-dense, fibrillar outer layer of the wall (212). Carbohydrate
chemistry and genetic studies pioneered by Ballou have eluci-
dated the structure of the polysaccharides on S. cerevisiae man-
noproteins (reviewed in reference 14), a structure that can vary
considerably among yeast species (93). Below we briefly de-
scribe protein mannosylation, followed by a review of studies
on the groups of cell wall mannoproteins.

Protein glycosylation and mannan synthesis. Two types of
oligosaccharidic protein modifications have been described for
S. cerevisiae. N-glycosylated proteins receive an oligosaccha-
ride through an N-glycosidic bond between a GlcNAc and an
asparagine residue, while O-mannoslyated proteins receive
short mannose chains onto the hydroxyl side chains of serine or
threonine residues through an o-mannosyl bond (255). These
processes have been extensively reviewed (60, 66, 270) and are
covered in outline here.

(i) Protein N glycosylation. All N-modified glycoproteins
acquire the same initial oligosaccharide in the ER, and subse-
quently most intracellular glycoproteins are additionally mod-
ified, with the final chains, containing 9 to 13 mannose resi-
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dues, being referred to as “core”-type oligosaccharides (60). In
contrast, cell wall and secreted mannoproteins are extensively
mannosylated in the Golgi, with a final structure of a-1,6-linked
mannose chain of up to 50 mannose residues extending from the
N-glycan core and to which are attached shorter chains of «-1,2
residues terminating in a-1,3-linked mannose residues, forming a
highly branched structure containing as many as 200 mannose
residues (14; see reference 60 for a review).

As a first step, the oligosaccharyl transferase complex trans-
fers a GlcsMany,GlcNAC, structure from a dolichyl-phosphate-
linked precursor (see references 31 and 210 for reviews on
precursor synthesis) onto an asparagine residue of N-X-S/T
sequons, where X represents any amino acid residue except
proline (reviewed in reference 66). Oligosaccharides are then
trimmed in the ER by the action of glucosidases I and II
and mannosidase I, encoded by CWH41, ROT2, and MNS1,
respectively (see reference 109 for a review), leading to a
MangGIcNAc, structure. This processing is part of a protein-
folding quality control process that expedites protein export to
the Golgi apparatus (see reference 79 for a review). Trimmed
oligosaccharides are in some cases extended by the action of
Golgi mannosyltransferases (Table 1).

Upon entry into the cis-Golgi of N-glycosylated proteins that
are destined to be further elaborated, the Ochl a-1,6-manno-
syltransferase catalyzes the transfer of a mannose residue to
the MangGlcNAc, structure (199, 200). Glycoproteins pro-
duced by a null ochl mutant lack «-1,6-polymannose, indicat-
ing that the addition of this initial mannose residue is critical
for other reactions to take place and/or that Ochl is involved
in the catalysis of subsequent a-1,6 linkages (199). OCHI is
important for cell wall function, as an ochl null mutant shows
a slow- and temperature-sensitive-growth phenotype that can
be rescued by sorbitol addition (148, 200).

Subsequently, an a-1,6-mannose backbone of up to 50 resi-
dues is synthesized by the action of two cis-Golgi mannose
polymerase (ManPol) complexes (124, 125). A striking feature
of these complexes is that all known proteins resemble man-
nosyltransferases, with ManPol I containing Vanl and Mnn9
and ManPol II containing Mnn10, Mnnl11, Anpl, Hocl, and
Mnn9. Assays of these complexes indicate that both have
a-1,6-mannosyltransferase activity that can be compromised
when some individual genes are deleted (124, 125). Compo-
nents of the ManPol I complex exhibit differential in vitro
activities, with Vanl being an a-1,6-mannosyltransferase and
Mnn9 showing dual a-1,2- and a-1,6-mannosyltransferase ac-
tivity (269). The «-1,2-mannosyltransferase activity conferred
by Mnn9 may also play a role in the “core”-type modification
of intracellular glycoproteins (269).

The a-1,6-mannose backbone shows «-1,2 branched chains,
added by the a-1,2-mannosyltransferase Mnn2. Branches are
then extended by a-1,2-linked mannose residues by Mnn5, a
close homologue of Mnn2 (234). Five additional related pro-
teins also participate in outer-chain extension (107, 110): Kre2/
Mntl, an «-1,2-mannosyltransferase whose structure has re-
cently been determined and mechanism of catalytic action
proposed (159); Ktrl, a demonstrated «-1,2-mannosyltrans-
ferases (241); and Ktr2, Ktr3, and Yurl, which have been
implicated as mannosyltransferases in vitro and in vivo (163).
The outer chain can be further branched by the action of the
mannosylphosphate transferase Ktr6/Mnn6, another Kre2-re-
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lated protein (300). Together with the uncharacterized Ktr4,
Ktr5, and Ktr7, the Kre2-related proteins form the K7R family
(162). Whereas Ktr2, Ktr6, and Yurl affect protein N glycosyl-
ation, Kre2, Ktrl, and Ktr3 are involved in both protein N and
O glycosylation (see below).

Finally, outer chains are terminated in the late Golgi by
addition of an a-1,3-linked mannose by Mnnl. MNN1 with five
additional genes forms a family consisting of two subfamilies
(162). The first of these contains the «-1,2-mannosyltrans-
ferases Mnn2 and Mnn5, which are involved in protein N
glycosylation and mentioned above. The second subfamily con-
tains Mnn1, which are involved in both N and O glycosylation
(see below), and Mnt2, Mnt3 and Mnt4, which are involved in
protein O mannosylation (see below).

(ii) Protein O mannosylation. O-linked oligosaccharides
consist of short chains of up to five mannose units, with the first
two residues being «-1,2 linked and subsequent ones «-1,3
linked. Despite the small size of the O-linked chains, many cell
wall proteins have serine/threonine-rich domains, and so the
number of O chains per protein can be high and the amount of
O-linked mannose in the cell wall significant (reviewed in ref-
erence 270).

The initial step of O mannosylation occurs in the ER, where
a single mannose residue is transferred from a dolichyl-phos-
phate-mannose precursor (see references 31 and 210 for re-
views of precursor synthesis) onto serine/threonine residues by
a family of seven protein-O-mannosyltransferases, the PMT
family (see reference 270 for a review). Subsequent steps occur
in the Golgi and are catalyzed by mannosyltransferases using
GDP-mannose as the sugar donor (Table 1). Three KTR family
members, Kre2/Mntl, Ktrl, and Ktr3, have been shown to be
involved in catalyzing the two a-1,2 links (see reference 162 for
a review). The two terminal «-1,3 links are catalyzed by the
MNNI1 family members Mnnl, Mnt2, and Mnt3 (100, 242, 308).

As discussed below, mannoproteins can be linked in numer-
ous ways with other cell wall polymers: in some cases, the
polymannose structure is thought to form a direct link with
B-1,3-glucan chains, while some proteins are linked through a
remnant of their GPI anchor and others appear to be directly
linked to B-1,3-glucan through their protein moiety.

GPI-cell wall proteins. Cell wall digestion with laminarinase
releases proteins that bind to anti-B-1,6-glucan antibodies
(130). Nuclear magnetic resonance analysis revealed that the
protein-B-1,6-glucan bond involves an ethanolamine-PO,-oli-
gomannoside composed of four or five mannose residues,
three of which are decorated with ethanolamine phosphate
(83, 86, 117, 138). This structure is a GPI anchor remnant,
indicating that GPI-modified proteins form a class of cell wall
proteins (Fig. 1A). Acquisition of the GPI anchor occurs in the
ER, where a preassembled anchor is transferred to the C
terminus of target proteins (see reference 210 for a review).
The GPI anchor is usually attached to an N/S/G/A/D/C residue
found in the 40 C-terminal amino acids of the protein and
in the context N/S/G/A/D/C-G/A/S/V/I/E/T/K/D/L/F-G/A/S/V-
X4 1901 (Where ¢ represents a hydrophobic amino acid). The
attachment reaction involves a proteolytic cleavage C terminal
of the attachment residue and a transamidation between the
generated amino acid and the ethanolamine phosphate of the
GPI anchor (62, 210). A GPI anchorage signal can be found in
~70 secretory proteins in the yeast genome (40, 62). Of these,
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about a third either are demonstrated CWPs or contain a
signal sufficient to direct a fusion protein to the cell wall (105),
a third are suspected to be CWPs based on sequence homol-
ogy, and a third are known or putative plasma membrane
proteins. So far, no cell wall-targeting signal has been de-
scribed for GPI-CWPs, whereas an additional signal, usually a
dibasic motif, seems to be required for the correct GPI an-
choring in the plasma membrane, suggesting that the default
destination for GPI-modified proteins is the cell wall (40, 62).
In the ER, GPI-modified proteins are packaged in specialized
COPII-coated vesicles for transport to the Golgi, where the
N-and O-linked carbohydrate chains and the GPI anchor are
extended and modified (272). A number of known GPI-pro-
teins, including GPI-CWPs such as Ccw12, Ccwl14, and Cwp2
have been shown to be extensively O mannosylated (187, 192,
290). Other GPI-CWPs contain serine/threonine-rich domains,
which are sites of mannose attachment, suggesting that O man-
nosylation is a common feature of GPI-CWPs.

Based on amino acid sequence similarity, some GPI-CWPs
can be grouped into families, including the flocculins, the ag-
glutinins, and the CRHI-UTR?2, the TIR, and the SEDI-SPII
families (40, 62). The flocculins, or Flo proteins, are lectin-like
adhesion proteins with a role in flocculence and invasive
growth (for a review, see reference 295). The critical role of the
mating-type-specific agglutinins Agal and Sagl in cell-cell ad-
hesion prior to mating is well established (for a review, see
reference 156). Crhl and Utr2 are candidate cross-linking en-
zymes that are involved in cell wall remodeling during vegeta-
tive growth (see below). The TIR family contains 10 members
which are differentially expressed depending upon growth con-
ditions. Two TIR genes, CWPI and CWP2, are expressed dur-
ing vegetative growth. Singly, their deletion, as well as that of
the TIR gene TIP1, confers hypersensitivity to calcofluor white
and Congo red (290). When viewed by electron microscopy, a
cwp2 null mutant has a thinner cell wall than a wild-type strain
(290). CWPI and CWP2 are repressed under anaerobiosis,
whereas other TIR genes (DANI1, DAN4, TIPI, TIRI, TIR2,
TIR3, and TIR4) and two additional genes encoding non-GPI
but Tir-related proteins (DAN2 and DAN3) are induced and
thus show differential responses to aerobic and anaerobic con-
ditions (3). Supporting this hypothesis, tirl, tir3, and tir4 single
null mutants all show growth defects when cultivated anaero-
bically (3). Transcription profiling and studies of sterol uptake
suggest that Danl, and maybe Dan3, Dan4, and Tir4, could
play a role in sterol influx under anaerobic conditions by bind-
ing sterols in the cell wall (304). In a similar way, the Fit set of
GPI-anchored cell wall mannoproteins assist in iron uptake
(223). These proteins are encoded by the FIT1, FIT2, and FIT3
genes, whose expression is induced in an Aftl-dependent way
upon iron deprivation. Though not directly involved in iron
transport through the plasma membrane, these Fit proteins
bind iron in the cell wall, and in their absence, there is reduced
uptake of iron bound to the siderophores ferrioxamine B and
ferrichrome. The iron bound to these cell wall proteins is
thought to increase the concentration of iron at the cell surface
and thus facilitate iron uptake into the cell. The binding of
ergosterol and iron by cell wall proteins raises the possibility
that other small-molecule nutrients may also be sequestered in
this way. The fifth family includes SEDI and SPII, two stress-
responsive genes induced by glucose limitation (227, 259).
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These gene products have a protective role under starvation
and stress conditions, with mutants being hypersensitive to
oxidative stress or Zymolyase (82, 259, 262). A pair of GPI-
CWPs which do not fall in these families are Ccwl2 and
Ccwl4. Compared to a wild-type strain, cewl2 and cewl4 null
mutants show hypersensitivity to calcofluor white and Congo
red, and the ccwI2A mutant has a reduced mating efficiency
(192).

Collectively, the GPI-CWPs appear to have a general func-
tion in cell wall stability. The hypersensitivity to calcofluor
white of a cewI2A mutant is partially suppressed in a ccwl?2
ccwl4 mutant and completely rescued in a cewl2 cewl4 danl
triple null mutant. Interestingly, the additional deletion of
TIP1 or CWPI in the ccwl2 cewl4 danl triple mutant had no
additional effect on the calcofluor white sensitivity. This sug-
gests that a compensation process is triggered when a defect
threshold is reached. The CCW12 deletion alone may not be
sufficient to trigger this compensatory process, and it probably
involves the two stress GPI-CWPs Sedl and Spil, since cewl2
cewl4 danl sedl and cewl2 cewl4 danl spil quadruple null
mutants both show calcofluor white hypersensitivity (104). In
another study, a cew12 cewl4 ewpl danl tipl quintuple mutant
showed an elevated mortality in stationary phase (276).

The PIR family and mild-alkali-extractable cell wall pro-
teins. (i) The PIR family. Treatment of biotinylated cell wall
extracts with mild alkali results in the release of six proteins
(194), with the four most abundant being Pirl/Cew6, Hsp150/
Pir2/Ccew7, Pir3/Ccw8, and Cis3/Pir4/Ccw5. These Pir proteins
(for proteins with internal repeats) are structurally related, are
serine/threonine rich, and are thought to be extensively O
mannosylated (94, 194). They consist of a putative N-terminal
signal peptide, followed by a Kex2 endoprotease cleavage site,
an internal repeat region, and a C-terminal cysteine-based
motif (194, 279). In a kex2 mutant, a shift in electrophoretic
mobility of the Pir proteins was observed. However, their rel-
ative abundance was unchanged compared to that in the wild
type. Thus, the Kex2 cleavage site is used in vivo but is not
required for cell wall localization, leaving a role for this pro-
cessing event open (194).

Pirl, Hsp150, and Pir3 can be detected with an anti-Pir3
antibody and visualized in the lateral wall of wild-type cells by
immunoelectron microscopy (310). In contrast, a specific anti-
Cis3 antibody localized Cis3 exclusively in the growing buds of
vegetative cells (188). The nature of the links between the Pir
proteins and the cell wall is unclear (Fig. 1A). The presence of
Pir proteins linked to 3-1,3-glucan that are releasable by mild
alkali treatment suggests that a glycosidic bond links the B-1,3-
glucan and a mannose residue of the O-linked chains of the Pir
proteins (136). The internal repeats are probably involved in
connecting Pir proteins to B-1,3-glucan, as suggested by a CIS3
mutational analysis (43). To date, neither the identity of nor
the enzyme catalyzing the Pir protein—B-1,3-glucan link are
known. Hsp150 and Cis3 were also found among the proteins
released upon treatment of the cell wall with B-mercaptoeth-
anol or dithiothreitol, showing that they are linked to other
CWPs through disulfide bonds (Fig. 1A), probably involving
the cysteine-rich C terminus (39, 43, 189).

The PIR genes show cell-cycle-dependent expression, with
levels of the CIS3 transcript peaking in G, and those of the
PIR1, HSP150, and PIR3 transcripts peaking in early G, (267).



VoL. 70, 2006

The levels of the four PIR mRNAs are elevated in a constitu-
tively active mkkl mutant in an Rlm1-dependent manner, in-
dicating that their expression is under PKC cell integrity path-
way control (123). This is consistent with the finding that these
genes belong to a group of cell wall perturbation-responsive
genes, with their expression being stimulated by exposure
to calcofluor white or Zymolyase (22). Furthermore, PIRI,
HSPI150, and PIR3 are induced by high temperature (310).
Apart from a hypersensitivity phenotype to aluminum-medi-
ated oxidative stress seen in an Asp/50A mutant (82), no effects
on growth rate, cell morphology, or viability were found in
mutants singly deleted for any of the PIR genes (195, 279).
However, a pirl hsp150 double null mutant shows reduced
growth on solid medium and hypersensitivity to heat shock
(279). A cis3 pirl hsp150 triple null mutant shows hypersensi-
tivity to calcofluor white and Congo red (195), and a pir!
hsp150 pir3 triple null mutant is hypersensitive to tobacco
osmotin and shows an elevated mortality phenotype during
stationary phase (204, 276, 310). Finally, a quadruple pir mu-
tant shows a sorbitol-suppressible increased mortality both
during exponential growth and in stationary phase (276).
These data suggest a protective role for the Pir proteins, for
example, as barrier proteins influencing cell wall permeability.

(ii) Other cell wall proteins with alkali-sensitive links. The
proteins released from isolated cell walls treated with sodium
dodecyl sulfate and then HF or NaOH were identified using
mass spectrometry (307). The set of proteins released by HF
treatment, which cleaves phosphodiester bonds, contains known
GPI-CWPs such as Cewl4 and Cwpl as well as Pry3, a protein
whose GPI anchor signal can target a fusion protein to the cell
wall (105). In addition, other GPI-modified proteins such as GAS
family members, the glucosidases Crh1 and Utr2 (see below), and
the phospholipase PIb2 were also found. In addition to the Pir
proteins, the set of NaOH-released proteins includes Cwpl, the
putative glucanases Scw4 and Scw10, and the agglutinin-related
Tosl. This work suggests that a GPI-CWP can be linked to the
cell wall through either its GPI remnant or its oligosaccharide
chains. The finding of several glucanases covalently linked to the
cell wall implies that they function in remodeling the glucan
matrix.

Roles of cell wall mannoproteins. O-linked mannose chains
are short and rigid, and by cross-linking proteins to the B-1,3-
glucan, they may play a role in cell wall strengthening. In
addition, mannoproteins usually show extensive N-linked gly-
cosylation. The roles of fungal covalently linked cell wall pro-
teins in processes such as water retention, adhesion, and viru-
lence have been reviewed (63). Many of these functions
require proper glycosylation of the respective proteins. Muta-
tions of the synthetic glycosylation and mannosylation path-
ways collectively affect all mannoproteins and cause multiple
cell wall phenotypes, such as compound or stress hypersensi-
tivity and altered cell wall composition (63, 210). However,
some steps in protein glycosylation are catalyzed by gene fam-
ilies whose members’ substrate specificity can directly affect
cell wall assembly. For example, the PMT family members
Pmt4p and the Pmt1-Pmt2 pair act in vitro on Gasl and Pir2,
respectively (270). In addition, high redundancy occurs within
families of Golgi mannosyltransferases, with most single mu-
tants showing weak or no phenotypes. However, the impact of
these gene families on cell wall synthesis is seen by the severe
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cell wall phenotypes found in triple or quadruple mutants (8,
162). The proliferation of genes and gene products with over-
lapping function in Golgi N and/or O mannosylation suggests
that such gene duplications have conferred fitness and have
been selected for during fungal evolution.

Cell Wall-Remodeling Enzymes

Glucan-remodeling enzymes. The product synthesized in
vitro by the minimal B-1,3-GS is linear (73). However, the
branched structure of mature B-1,3-glucan necessitates en-
zymes responsible for branching and/or processing of these
linear chains (Table 1). Subsequently, cell wall assembly re-
quires the linkage of 3-1,3-glucan to other cell wall polymers
(Table 1).

(i) GASI and the GAS gene family. The following observa-
tions implicate GASI in cell wall synthesis: (i) a mutation in
GAS1/CWHS5?2 confers hypersensitivity to calcofluor white and
to caspofungin (150, 233), (ii) a gas! mutant shows decreased
B-1,3-glucan levels and increased mannan and chitin contents
in its cell wall (231), and (iii) a gas/ mutant secretes high levels
of B-1,3-glucan (232). The last observation implies that the
B-1,3-glucan chains made in a gas/ mutant are abnormally
assembled. An in vitro assay for transglucosidase activity using
recombinant enzyme shows that Gasl can catalyze the forma-
tion of a B-1,3-glycosidic bond between the reducing end of a
donor B-1,3-glucan chain and the nonreducing end of a accep-
tor 3-1,3-glucan molecule (42, 190). These data point toward
Gasl acting in vivo as a B-1,3-glucan elongase.

Gasl is synthesized as a 559-residue precursor, with a cleav-
able N-terminal signal peptide. During its transit through the
ER, Gasl is N and O glycosylated and receives a C-terminal
GPI anchor (92, 207, 208, 287). The ER-modified Gasl, likely
along with other GPI-modified proteins, is packaged into spe-
cialized COPII secretory vesicles and transported from the ER
to the Golgi, where the N- and O-linked glycans are further
elaborated (196, 272). Mature Gasl is a 115-kDa protein, an-
chored in the outer leaflet of the plasma membrane (for a
review, see reference 222). This localization is consistent with
the presumed role of Gasl in cell wall remodeling. The Gasl
GPI anchor is required for function, since expression of a
tailless Gasl fails to complement a gas/A mutant (222). Gasl
was recently identified in cell walls after sodium dodecyl sulfate
treatment, suggesting that a fraction of Gasl is covalently at-
tached to the cell wall (307). Transcription of GASI during the
cell cycle is SBF dependent, peaks at G,/S as does FKS7 (115),
and is repressed during sporulation (222).

The S. cerevisiae genome contains four additional GASI-
related genes, GAS2, -3, -4, and -5, whose products are 44, 33,
37, and 32% identical to Gasl, respectively. The GAS gene
products belong to glycoside hydrolase family 72, which in-
cludes 70 plant and fungal enzymes with B-1,3-glucanosyltrans-
glycosylase activity (http://afmb.cnrs-mrs.fr/CAZY/). Roles for
these other GAS family members in S. cerevisiae cell wall syn-
thesis remain unknown.

(ii) Glucanases and glucanase-related proteins. Remodel-
ing of the glucan network presumably requires both the short-
ening of the polymer by nicks and the introduction of polymer
branch points. Such reactions are catalyzed by exo- and endo-
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glucanase activities (4).

Three gene products, Exgl, Exg2, and Sprl, have exo-B-1,3-
glucanase activity in vitro (for a review, see reference 146). The
abundant extracellular N-glycoprotein Exgl is released with
other soluble cell wall proteins upon treatment of intact cells
with dithiothreitol (39). EXGI mRNA levels are elevated in
cell wall mutants, such as those with fksi, kre6, or mnn9 null
alleles, implicating Exgl in a compensatory process triggered
by cell wall damage (145). Exg2 is highly N glycosylated and
membrane bound. The truncation of a 69-aa C-terminal do-
main which encompasses a putative site for GPI modification
(40, 62) results in the secretion of Exg2 to the culture medium
(146). Exgl and Exg2 also act in vitro on pustulan, a B-1,6-
glucan polymer, indicating that they may play a role in B-1,3-
and/or B-1,6-glucan remodeling and explaining the finding that
deletion and overexpression of EXGI lead to increased and
reduced in vivo B-1,6-glucan levels, respectively (122). SPR1/
SSGI mRNA has been detected only in sporulating diploids,
and a homozygous spri/sprl null diploid shows retarded sporu-
lation, indicating that Sprl functions specifically in spore wall
assembly (197).

Analysis of proteins released by intact cells treated with
dithiothreitol identified seven “soluble” cell wall proteins (39),
including Exgl, Bgl2, and a set of three proteins (Scw3, Scw4,
and Scw10) with sequence similarity to glucanases. BGL2 en-
codes an abundant extracellular protein with an in vitro endo-
B-1,3-glucanase activity (135, 193). Interestingly, at high sub-
strate concentrations Bgl2 can also catalyze the formation of a
B-1,6 bond linking two B-1,3 chains together (98). Since in the
cell wall, the local polymer concentration is very high, these
results imply that Bgl2 acts in vivo as a branching enzyme. In
agreement with this hypothesis, a bgIl2A mutant, while having
wild-type glucan levels, shows increased chitin levels (126).
Such a stress response may result from cell wall disorganization
caused by inefficient glucan branching. A phenotypic analysis
revealed that a sew4A scwIOA double mutant exhibits hyper-
sensitivity to calcofluor white (39). The yeast genome contains
an additional glucanase-related gene, SCW11, with homology
to SCW4 and SCW10 and whose deletion leads to cell separa-
tion defects (39). So far, no enzymatic activity has been asso-
ciated with the Scw proteins.

Among other genes with sequence similarity to B-glu-
canase genes, DSE2 (encoding a putative GPI-anchored cell
surface protein) (62) and DSE4/ENG1I (encoding a secreted
and glycosylated endo-B-1,3-glucanase) (13) are believed to
be involved in septum degradation. This is supported by (i)
the cell separation defects observed in dse2 and dse4 mu-
tants, (ii) the localization of Dse2 and Dse4 at the mother-
daughter interface, and (iii) the levels of DSE2 and DSE4
mRNA peaking at the M/G, transition (13, 52, 75). EGT2
was identified as an early G, gene required for cell separa-
tion, and based on cell separation defects observed in an
egt2 null mutant, it was suggested that EGT2 either encodes
or regulates a glucanase function (141). However, a search
for Egt2 glucanase activity was unsuccessful (13), leaving its
role in cell separation open.

(iii) Fungal remodeling enzymes. As mentioned above, re-
modeling enzymes form large families of glycoside hydrolases.
In some cases, such as the A. fumigatus and Candida ortho-
logues of Gasl, enzymatic characteristics indicate a conserva-
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tion of catalytic activity (42, 191). In addition to this, mutants
with mutations in GAS-related genes, such as C. albicans PHR1
or PHR2, Candida glabrata GAS genes, Candida maltosa EPD
genes, or A. fumigatus GEL genes, show an abnormal cell
shape and morphogenesis and defects in hyphal growth (190,
201, 202, 302). A number of related glucanases are found in
other fungi (for a review, see reference 4). A recent proteomics
study showed that a number of putative C. albicans glucanases
are covalently linked to the cell wall, suggesting that they
function in wall remodeling (61).

Chitinases. A screen for elevated glycosidase activity uncov-
ered CTSI, a gene encoding a secreted endochitinase (143,
144). The CTS1 gene product has a signal sequence, a region
with similarity to plant chitinases that is the likely catalytic
domain; a serine/threonine-rich domain, which is a site for O
mannosylation; and a C-terminal chitin-binding domain. Cts1
is processed in the secretory pathway, and the mature protein
is secreted and binds to chitin in the cell walls of growing cells
from where chitinase activity can be recovered (55, 144). In
exponentially growing cells, transcription of CTSI1 peaks in
early G, and is dependent on Ace2, a transcription factor
which controls the onset of a daughter-specific expression pro-
gram. Consistent with this, a yellow fluorescent protein-tagged
version of Ctsl is detected exclusively at the daughter side of
the bud neck (52). Phenotypic analysis indicates that Cts1 has
a role in cell separation, since a cts/A mutant grows as multi-
cellular aggregates in which cells are held together by their
septa. This growth pattern is also observed when wild-type cells
are treated with the chitinase inhibitor dimethylallosamidin
(144). As mentioned above, deletion of CTSI suppresses the
lysis phenotype of a chsl mutant (38). Together, these data
implicate Ctsl in septum degradation and suggest the existence
of a balance between Ctsl and Chsl activities. However, the
chitinase activity of a chsIA mutant and the CSI activity of a
ctsIA mutant are close to wild-type levels, indicating that chi-
tinase and CSI activities are not reciprocally regulated (254).

The product of a second yeast gene, CTS2, has sequence
similarity to chitinases, and the gene product may be sporula-
tion specific (http://www.yeastgenome.org).

Yeasts and filamentous fungi possess families of chitinase
genes, an area recently reviewed (4). Fungal chitinases have
been proposed to fall in two categories. Enzymes from the first
group share structural similarities with plant chitinases and are
putatively cell wall associated, suggesting a role as wall-remod-
eling enzymes. A second group of chitinases are more related
to the bacterial chitinases involved in the degradation of exog-
enous chitin.

Glucan/chitin-cross-linking enzymes. The products of the
related genes CRHI and UTR2/CRH?2 bear a motif found in
glycoside hydrolase family 16 (http://afmb.cnrs-mrs.fr/CAZY/).
This family includes a number of prokaryotic, plant, and fungal
enzymes, some of which are endo-B-1,3- or endo-3-1,3-1,4-
glucanases and endo-xyloglucan transferases. Though no enzy-
matic activity has been assigned to Crhl or Utr2, several lines
of evidence support their candidacy as transglycosidases which
cross-link B-glucan and chitin.

First, the cellular localization of these proteins is compatible
with their having a role as cell wall-remodeling enzymes. Crh1
and Utr2 C termini contain a motif sufficient for the phospho-
lipase C-sensitive localization of a-galactosidase to the cell



VoL. 70, 2006

wall, suggesting that Crh1 and Utr2 are GPI-anchored cell wall
proteins (105). When fused to GFP, both proteins localized to
the sites of polarized growth in exponentially growing cells
(237). The localization pattern of Crhl and Utr2 resembles
that of chitin synthase III (Chs3), and the localization of Utr2
requires Chs5 and Bni4, two proteins that are also involved in
the bud neck localization of Chs3 (238). This raises the inter-
esting possibility that Utr2 is transported through chitosomes,
a set of specialized secretory vesicles involved in chitin synthe-
sis (see below).

Second, crhl and wtr2 mutants are hypersensitive to cal-
cofluor white and Congo red. Furthermore, the deletion of
CRH1, alone or in combination with UTR2, does not change
cell wall composition but rather alters the proportion of alkali-
soluble versus -insoluble B-glucan. These data show that a lack
of Crh1 and/or Utr2 leads to deficient cross-linking of cell wall
components which results in cell wall weakening (237). As the
alkali insolubility of B-glucan is due to its cross-links to chitin,
those authors postulate that Crhl and Utr2 act as glucan/
chitin-cross-linking enzymes. During vegetative growth, CRH!
shows cell cycle-regulated expression peaking at early G, and
at the M/G, transition, whereas UTR2 is constitutively ex-
pressed, implying that Crh1l and Utr2 have specialized func-
tions during cell growth (237).

An additional glycoside hydrolase family 16 member, CRRI,
is related to CRHI and UTR2, with Crrl detected in the asco-
spore wall (99). Examination of the crr/A spore wall by trans-
mission electron microscopy reveals that the layers of glucan,
chitosan, and dityrosine are irregularly deposited, suggesting
that Crrl functions in spore wall construction to cross-link
glucan to chitosan (99). CRRI is strongly induced during
sporulation and is expressed at very low levels in exponentially
growing cells, with a peak at the G,/M transition (237). Fur-
ther, the levels of UTR2 mRNA show a twofold increase in
exponentially growing crrlA cells relative to the wild type,
hinting at an interplay between these two genes and a role for
CRRI during vegetative growth.

CELL WALL BIOLOGY AS AN INTEGRATED PROCESS

During vegetative growth, cell shape and volume changes
are accommodated by differential cell wall deposition in the
mother and bud. §. cerevisiae also has a repertoire of special-
ized cell types, such as mating projections, pseudohyphae, and
meiotic spores, which develop under specific conditions. The
function of these specialized cells is intimately linked with their
morphology. Mutants incapable of forming mating projections
are, for example, unable to fuse with their partners and fail to
mate. Though filamentation ability has been lost in many lab-
oratory strains, in the wild, pseudohyphae are critical to deal
with a nutrient-depleted or harmful environment. The mor-
phological characteristics of these vegetative and specialized
cells depend upon orderly cell wall deposition. Thus, regula-
tion of cell wall synthesis is part of cellular growth programs
and involves timing through coordination with the cell cycle
and through spatial cues that involve coordination with the cell
polarity machinery and the secretory pathway. In addition, the
cell wall transduces external status information to the cell and
thus controls intracellular processes through a feedback loop.
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FIG. 3. Regulation of cell wall gene expression during the cell cycle
(A) and in response to external stimuli (B). Boxes contain genes whose
expression is controlled by the same pathway or transcription factor.
Genes are color coded: black, glucan synthesis; green, chitin synthesis;
red, mannoprotein biosynthesis; gray, cell wall remodeling.

An overview of regulatory pathways involving components of
the cell wall machinery is described below.

Regulation Occurs at Multiple Levels

Cell cycle. The cyclin-dependent protein kinase (CDK)
Cdc28/Cdk1 is the key regulator of the vegetative S. cerevisiae
cell cycle (for a review, see reference 182). CDK activity re-
quires physical association of Cdc28 with cyclins. Sets of cyclins
can bind to Cdc28. Three G, cyclins (the Clnl-Cln2 pair and
CIn3) regulate Cdc28 activity during the G, phase, with CIn3
regulating the expression and activity of the other G, cyclins
and Cln1-CIn2 playing a role at the G;-S transition. Subse-
quently, three pairs of B-type cyclins (Clb1-Clb2, Clb3-Clb4,
and CIb5-Clb6) regulate G,-M events, with CIb5-Clb6 initiat-
ing the S phase, CIb3-Clb4 playing a role in mitotic spindle
assembly, and CIb1-CIb2 promoting entry into mitosis. Cyclin-
activated Cdc28 selectively phosphorylates various substrates,
including other cyclins and transcription factors, resulting in
cell cycle-dependent cyclin activity and gene expression.

The transcription of many cell wall genes fluctuates during
the cell cycle (Fig. 3A), with a subset of transcripts peaking in
G, when isotropic cell wall synthesis allows daughter cell ex-
pansion (267). The SBF transcription factor, composed of the
DNA-binding protein Swi4 and the regulatory subunit Swi6, is
responsible for G, expression of many of these genes, including
CRH1, FKS1, and GAS1 (115, 121). Specific induction of SBF-
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mediated transcription in G, follows from its release from
inhibition. During the cell cycle, SBF is maintained in an in-
active form by the action of Whi5. In G,, WhiSp is inactivated
through phosphorylation by the CIn3-bound Cdc28 (for a re-
view, see reference 305), and in addition, Cln-activated Cdc28
may directly regulate SBF (305). A second level of regulation
is through the action of Slt2, the MAP kinase of the PKC cell
integrity pathway (see below). Slt2-dependent phosphorylation
of Swi6, resulting in Swi6 nuclear exclusion, may provide an
additional downregulation mechanism for SBF-dependent
genes outside G, (152, 166).

A set of genes transcribed in early G, (CTS1, DSE2, DSE4,
EGT2, and SCW11) (Fig. 3A) is expressed only in daughter
cells (52). This transcription pattern is consistent with the
proposed role of these gene products in cytokinesis and cell
separation. Their expression depends on Ace2, a transcription
factor whose activity and localization are restricted to the
daughter nucleus by a signaling network named RAM (for
regulation of Ace2 and cell morphogenesis) (see below), which
centers on the serine/threonine protein kinase Cbkl1 (52, 205,
303) and which is involved in cell polarized growth, bud site
selection, and mating projection morphology (19, 229).

Construction of the primary septum is also tightly cell cycle
regulated, with the specialized chitin synthase Chs2 being ex-
pressed, translated, and active only at the end of mitosis and
subsequently rapidly degraded. CHS?2 is part of the CLB2 clus-
ter, a gene set which is transcribed from the end of S phase
until nuclear division (267). However, unlike the case for many
other CLB2 cluster members, oscillation of the CHS2 mRNA
level does not depend on the forkhead transcription factors
Fkh1 and Fkh2 (314), leaving the basis for its cell cycle expres-
sion unclear. However, the observation that Chs2 is a substrate
for CIb2-activated Cdc28 suggests a possible means of regula-
tion of Chs2 level and/or activity during the cell cycle (285).

Cell polarity and isotropic/apical growth. During the mitotic
cell cycle, cell growth alternates from a polarized (apical) to an
unpolarized (isotropic) state within the bud. The former di-
rects bud emergence, while the latter allows bud and subse-
quent daughter cell expansion. Monitoring of cell polarization
during the cell cycle occurs through a morphogenesis check-
point, which delays bud formation when the actin cytoskeleton,
which determines cell polarity, is perturbed (for a review, see
reference 154). Organelles attach to the actin cytoskeleton,
and secretory vesicles aided by motor proteins are transported
along actin cables. Changes in cell polarity induce relocaliza-
tion of the secretory apparatus and affect the transport of
cell wall synthetic components (for reviews, see references 225
and 226).

Actin cables anchored at the bud neck and directed toward
the cell interior polarize the transport of secretory vesicles.
During bud expansion, additional actin cables are found an-
chored at the bud tip and directed toward the neck. Disruption
of the actin cytoskeleton leads to isotropic growth and cell wall
synthesis. One protein involved in polarization of the secretory
apparatus is the Rhol GTPase, which activates the formin
Bnil (116) and the exocyst component Sec3 (102). Bnil is
required for actin nucleation to cables and is part of the po-
larisome, a complex located at the bud tip and determining cell
polarity (for reviews, see references 225 and 226), while Sec3
defines sites of active exocytosis (85). In addition, the mobili-
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FIG. 4. The central role of Rhol in integrating multiple signals.
Rhol transmits signals from the cell wall sensors and the actin cy-
toskeleton through GAPs and GEFs to its effectors. Rhol effectors are
colored according to signal input provenance as follows: green, cell
wall; red, actin; gray, unknown. Two colors indicate a dual regulation.

zation of Chs3 from the chitosomes to the plasma membrane
requires Rhol and its effector Pkcl (288). Two Rhol GAPs,
Sac7 and Bag7, have been proposed to regulate actin cytoskel-
eton assembly (250). Thus, Rhol, in addition to its role as a
regulatory subunit of the B-1,3-GS, also functions in the reg-
ulation of anterograde secretion and thus effects the transport
of cell wall synthesis components (Fig. 4).

Actin can also assemble into cortical patches, which are
highly dynamic structures that localize close to the cell cortex,
converge to the bud tip during periods of apical growth, and
are associated with sites of active endocytosis (for a review, see
reference 225). Evidence for their relationship with regulated
cell wall synthesis comes from mutants having abnormally
thickened cell walls in mother cells and thin cell walls in daugh-
ters. For example, lasI7A, viplA, or slal A mutants show a new
layer of cell wall being deposited in mother cells at each cell
division, indicating that the laying down of a new cell wall is no
longer confined to daughter cells (155), a phenotype also ob-
served in panl and end3 mutants (275). Some actin patch
mutants show an altered cell wall composition, a phenotype
compatible with a defect in recycling polymer synthases from
the plasma membrane (30, 151, 155, 213). Further, mutants
defective in cortical actin patch or endocytosis function have
elevated levels of cell wall chitin and require CHS3 for survival,
suggesting that these mutations generate cell wall stress due to
defects in recycling cell wall synthetic components (151).

The coupling of endocytosis with exocytosis allows the tar-
geting and the dynamic relocalization of cell wall-synthetic and
-remodeling systems. The organization of the actin cytoskele-
ton, governed mainly by the Rho-type GTPase Cdc42, is coor-
dinated with the cell cycle by cyclin-bound Cdc28 (for a review,
see reference 224). Perturbation of actin polymerization with
rapamycin or latrunculin B induces activation of the PKC cell
integrity pathway (106, 281). This may result in the activation
of cell wall genes, providing a regulatory link between the actin
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cytoskeleton and cell wall assembly.

A number of actin assembly factors (Actl and Sac6), endo-
cytosis regulators (Rvs167 and Hua?2), chitin synthases (Chsl,
Chs2, and Chs3), and glucan synthesis-related proteins (Bgl2,
Fks1, Gasl, Gsc2, Kre6, and Sknl) were found in a large-scale
search for ubiquitinylated membrane-associated proteins (111).
This posttranslational modification may participate in regulat-
ing the turnover of these proteins and/or their internalization.

Septins are key players in the coordination of cell polarity
with the cell cycle (16, 97). They assemble as filaments appear-
ing at the incipient bud site prior to bud formation as a ring,
which enlarges to a collar during S, G,, and M phases, when
the bud expands (see references 77, 160, and 294 for reviews).
At the start of cytokinesis, the septin collar splits into two rings
which disassemble after cell separation and then reassemble at
the next bud site. Septin filament assembly dynamics are reg-
ulated by septin phosphorylation, by a number of protein ki-
nases (including the Cdc42 effector Cla4 and Cln-activated
Cdc28), and by septin dephosphorylation via the type 2A pro-
tein phosphatase (Pph21/22) bound to its regulatory subunit
Rtsl. In addition to having a role in the function of Chs3 and
the septation apparatus, which includes Chs2 and the contrac-
tile actin-myosin ring, the septin rings are involved in the
maintenance of cell polarity by recruiting many factors, such as
bud site selection proteins and sensors for the spindle position
and cell morphogenesis checkpoints (77, 160, 294).

Coordination of the regulatory pathways affecting the trans-
port and localization of the cell wall assembly machinery is
illustrated in Fig. 5.

Mating, pseudohyphal growth, and sporulation. During the
development of specialized cell types, the shape of the cell wall
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changes radically, altering cell morphology. Upon exposure to
mating pheromone, haploid cells arrest in G, polarize, and
grow a projection, the “shmoo,” toward the pheromone source.
Synthesis and remodeling of cell wall material during this pro-
cess are critical to ensure shmoo elongation and integrity. As a
result, a number of cell wall assembly mutants, such as chs3,
chsS, chs7, crh2, kre9, and skt5 mutants, show a reduced mating
efficiency (25, 237, 246, 283, 284), and a mid2 (for mating-
induced death) mutant, defective in signaling to the PKC cell
integrity pathway, exhibits pheromone-induced cell lysis (134).
Shmoo formation is initiated by activation of the pheromone
signaling pathway involving the G-protein-coupled receptors
for a- and a-factors (Ste2 and Ste3, respectively), a trimeric
G-protein (with Gpal, Ste4, and Stel8 being the o, B, and vy
subunits, respectively), and a MAP kinase cascade (consisting
of the MEKK Stell, the MEK Ste7, and the MAP kinase
Fus3) (for a review, see reference 103). Fus3 activates, among
others, the Cdc28 inhibitor Farl, resulting in G, arrest. During
this arrest period, GBvy subunits also recruit Cdc42 through
interactions with Farl and the Cdc42 GEF Cdc24, allowing
polarization of the actin cytoskeleton toward the shmoo tip
(33). The finding that SIt2 is activated upon pheromone expo-
sure in a polarisome-dependent way implies a sequential acti-
vation of the mating pathway, the polarity pathway, and then
the PKC cell integrity pathway (27). GBvy has been also found
to recruit Rhol and Pkcl to the shmoo tip, providing a mech-
anism for concerted regulation of the pheromone response
with the cell polarity and PKC cell integrity pathways (15).
Chs3-dependent chitin synthesis occurs at the shmoo neck to
preserve shmoo neck integrity and relies on septin filament
assembly in bundles parallel to the shmoo axis (see reference
77 for a review).

Upon starvation, haploid and diploid cells can develop spe-
cialized cells that exhibit invasive and pseudohyphal growth,
respectively. As seen with mating projections, cell integrity
during filamentous growth requires cell wall synthesis and re-
modeling to be coordinated with changes in cell polarity. Sens-
ing of nutrient depletion activates Ras2 signaling to the cyclic
AMP-dependent protein kinase (Tpk1-3) and to a Cdc42-ac-
tivated MAP kinase pathway involving Kss1. The Kss1 pathway
regulates cell morphogenesis through the polarisome complex.
In addition, inhibition of the Ace2 transcription factor leads to
a downregulation of CTS! and EGT2 and the subsequent lack
of septum degradation typical of pseudohyphae (Fig. 3A). Kss1
inhibits CIb1/2 and maintains high levels of CInl1/2, thereby
prolonging the G, phase and maintaining Cdc42 activity (for a
review, see reference 214). This results in the extension of the
apical phase of growth and cell elongation. During sporulation,
spore wall synthesis machinery is triggered, with genes involved
in spore wall formation usually induced in the middle-late
phase of sporulation (49). Some of these, including CDAI,
CDA2, CWP1, DITI1, DIT2, SHCI, and SPRI, are candidates
for regulation by the Ndt80 transcription factor, as they are
induced by its ectopic expression ((49) (Fig. 3A). Deposition of
the spore wall is dependent upon the MAP kinase Smk1 and
the CDK-activating kinase Cakl, with smkI and cakl mutants
showing defects in spore wall synthesis (298, 299). In addition,
the sporulation-specific serine/threonine protein kinase Spsl is
involved in transport of Gsc2, Chs3, and the Chs3 activator,
Shcl (120). The spatial regulation of cell wall deposition is
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thought to rely on the assembly of septin filaments, including
the two sporulation-specific septins Spr3 and Spr28, which act
as a scaffold in the recruiting of spore wall synthesis proteins
(77, 84). In genetic studies focused on the spore cell wall, the
formation of the dityrosine layer was examined in ~600 mu-
tants (24), and a collection of ~300 mutants with mutations in
sporulation-specific genes was screened for sensitivity to ether
vapor (53), which identified ~60 deletion mutants with spore
wall defects (24, 53). Detailed phenotypic analysis of spore wall
mutants has led to the formulation of a developmental path-
way for spore wall assembly (53).

Adaptation to external conditions. The cell wall composition
changes with carbon source, nutrient, or oxygen availability;
with external pH; and upon stress such as heat shock or expo-
sure to cell wall-perturbing agents, low osmolarity, and muta-
tion in cell wall genes (6, 136, 263, 264). For example, depend-
ing on growth conditions, different sets of mannoproteins are
used, and they likely have specific patterns of function. In other
cases, stress-induced synthetic machinery is switched on under
stress while the constitutive machinery is turned down, as ex-
emplified by the differential expression of FKSI! and GSC2
discussed above. These glucan synthases are related but dis-
tinct proteins and show different Rhol binding levels and
caspofungin sensitivities (76, 139, 178), and Fksl and Gsc2
have likely been selected for improved function under consti-
tutive or stress conditions, respectively. In addition to changing
the cell wall synthetic machinery (Fig. 3B), stressed cells also
change the relative amount of their cell wall polymers. In many
cases, the cell wall is reinforced by an increase in chitin, in a
chitin stress response (30, 211, 221), but the levels of manno-
proteins and B-1,3-glucan can also change (3, 129).

Modifications of the nature and the amount of cross-linking
between cell wall polymers occur, indicating regulation of the
relative activities of synthases and remodeling enzymes. For
example, the susceptibility of cells to Zymolyase under various
growth conditions correlates with the B-1,6-glucan level, sug-
gesting that the amount of B-1,6 cross-linking between poly-
mers, rather than the absolute levels of the polymers per se, is
critical for resistance to lytic enzymes (6).

Some compensation occurs among related synthases, as ex-
emplified by the synthetic lethal interaction between FKS! and
GSC2 and between CHS2 and CHS3. Moreover, a defect in the
synthesis of one cell wall polymer can be compensated for by
another. Such cross-polymer compensation is shown by the
synthetic lethal interactions between components of the 3-1,3-
glucan and the chitin synthesis pathways (41, 151, 211, 221).

(i) The PKC cell integrity pathway. The major signaling
pathway regulating cell wall assembly is the PKC cell integrity
pathway (for a review, see reference 152). This pathway con-
tains a sensing module which activates Rhol, which in turn
triggers a MAP kinase cascade consisting of protein kinase C
Pkcl, the MEKK Bckl1, the redundant MEKs Mkk1 and Mkk2,
and the MAP kinase SIt2. Activated SIt2 phosphorylates down-
stream transcription factors, the MADS box family member
RIm1, and the SBF subunits Swi4 and Swi6.

Sensing is achieved by two groups of transmembrane pro-
teins, the WSC family (Slgl/Wscl, Wsc2, and Wsc3) and the
Mid2-Mtl1 pair. These families of sensors appear to respond to
distinct stimulations, as suggested by the differential sensitivity
to external stress exhibited by mutants with mutations in these
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genes (235, 293, 296). A search using the expression connec-
tion tool available from the Saccharomyces genome database
(http://www.yeastgenome.org/) reveals that MID2, MTLI, and
the WSC genes show distinct expression patterns, indicating
that these sensors mediate signaling under different conditions.
Further, these genes engage in a web of genetic interactions,
such as the synthetic lethal interaction of a mid2 sigl double
mutant; the phenotypic exacerbation of slgl wsc2, slgl wsc3,
and mid2 mtll double mutants; and the dosage suppression of
slgl or wsc2 by MID2 (134, 230, 293). Together, these data
indicate both distinct and partially redundant functions among
these genes. These sensor proteins are highly O mannosylated
on extracellular serine/threonine-rich domains. This modifica-
tion is believed to confer rigidity to the proteins, leading to the
idea that they act as mechanosensors (219). However, the nature
of the signal(s) sensed by these proteins and how the signal is
subsequently transduced are still unknown.

These sensors activate Rhol by recruiting the Rhol-GEF
Rom2 (219). Rhol, with at least four effectors (Pkcl, Fksl,
Bnil, and Sec3) and many GAP-GEF pairs, is broadly involved
in processes such as cell polarization, cell wall synthesis, and
secretion. Rhol is thus at the hub of many signaling pathways
and acts as a signal integrator (Fig. 4). For example, suppres-
sion analysis indicates that Mid2 and Slgl signaling through
Rhol lead to different outputs, with Mid2-activated Rhol sig-
naling to Pkcl and Slgl-activated Rhol stimulating Fks1 and
Pkcl (101, 253).

Pkcl acts as a regulator of cell wall assembly in at least three
ways. First, Pkcl transmits Rhol signaling to the MAP kinase
pathway. Second, Pkcl, with Rhol, is required for heat-in-
duced mobilization of Chs3 from chitosome vesicles to the
plasma membrane. Third, Chs3 is phosphorylated in vivo in a
Pkcl-dependent manner. Though the physiological relevance
of this modification is unclear, since it does not alter Chs3
localization, it may affect Chs3 activity (288). In addition, Pkcl,
but not the downstream components of the PKC cell integrity
pathway, is involved in the regulation of a range of cellular
processes, such as cell cycle progression, secretion, and recom-
bination. For example, a block in secretion triggers a growth
arrest mediated by accumulation of Slgl and Wsc2 in the
secretory pathway and signaling through Pkcl (203).

SIt2 has a clear role in signaling upon cell wall stress, as
reflected by the lysis phenotype and the hypersensitivity to cell
wall stress of slf2 mutants. A genome-wide search for genes
upregulated by a constitutively active allele of s/t2 identified 25
genes involved in cell wall assembly whose expression depends
on Rlml, indicating that this transcription factor regulates
much of the transcriptional change upon SIt2 activation (123).
In addition to RIm1-dependent gene expression, Slt2 regulates
other cellular processes. First, the SBF subunits Swi4 and Swi6
are substrates for Slt2, implicating SIt2 in cell cycle progression
(166). Second, Slt2 associates with Swi4, suggesting that SIt2
may regulate Swi4 activity independently of Swi6 (12, 152).
Third, SIt2 has a role in calcium homeostasis through the
phosphorylation of Cch1-Midl, a calcium channel whose acti-
vation triggers the calcineurin pathway (20). Fourth, detection
of a pool of SIt2 at sites of polarized growth together with a
defect in actin polarization exhibited by an s/t2 mutant involve
Slt2 in the regulation of assembly of the actin cytoskeleton
(179, 291). Last, an s/t2 null mutant is defective in the G, arrest
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induced by perturbation of the actin cytoskeleton, indicating
that SIt2 plays a role in triggering the morphogenesis check-
point (106). A candidate integrator of Slt2 function is Smil/
Knr4. A smil mutant has reduced B-1,3-glucan and increased
chitin levels (112, 172), implicating Smil as a positive regulator
of B-1,3-glucan synthesis. In addition, a smi/ null mutant shows
enhanced activation of both SIt2 and SBF-mediated transcrip-
tion, suggesting that Smil has a negative role in cell cycle
regulation (175).

Since its components are connected to many cellular func-
tions, the PKC cell integrity pathway effectively coordinates
cell wall assembly with the cell cycle, cell polarity, and se-
cretion. Compartmentalization of signaling and regulatory
components resulting in several pools of Rhol, Pkcl, and
SIt2 can explain how these proteins harmoniously play their
multiple roles. For example, Rhol and Rom?2 have indepen-
dent trafficking pathways, allowing Rhol to be kept in an
inactive form until it reaches a Rom2-containing compart-
ment (1). By using a series of Pkc1-GFP fusion proteins, the
domains required for Pkcl localization to the sites of polar-
ized growth, to the nucleus, and to mitotic spindles have
been mapped (67). During the cell cycle, an SIt2-GFP fusion
protein shuttles between the nucleus and cytosol and can be
found at sites of polarized growth in a polarisome-depen-
dent way (291). A Smilp-GFP also localizes to sites of
polarized growth (172).

(ii) Other regulatory pathways. Additional signaling path-
ways also regulate cell wall assembly. The transcription profiles
of mutants deleted for FKSI1, GAS1, KRE6, MNNY, or SMI1
(145, 277) reveal the upregulation of a “cell wall-compensa-
tory” cluster of 79 genes, many of which are also induced under
stress conditions, such as the presence of caspofungin, cal-
cofluor white, Congo red, or Zymolyase (5, 22, 89, 235). Pro-
moter analysis identifies a number of regulatory elements, such
as Rlm1-binding sites and calcineurin-dependent, stress, and
heat shock response elements, and points to a network of
transcriptional controls, including the PKC cell integrity path-
way, the general stress response pathway, and the calcineurin
pathway (22, 145). Genetic evidence also illustrates a multi-
plicity of signaling pathways regulating cell wall assembly.
First, the overexpression of LREI (which is known to play a
role in Rhol activation) suppressed the hypersensitivity to high
osmolarity of a stell ssk2 ssk22 triple null mutant that is de-
fective in the activation of the high-osmolarity glycerol re-
sponse (HOG) pathway, which is required for glycerol synthe-
sis upon osmotic stress (7). Second, mutants with mutations in
genes of the HOG pathway show resistance to calcofluor white
while having wild-type chitin levels, indicating that a functional
HOG pathway modulates calcofluor toxicity (90). Third, cell
growth at low pH leads to a Hogl-dependent acquisition of
Zymolyase resistance and the induction of a number of cell
wall proteins (129). Together, the data suggest cross talk be-
tween the PKC and the HOG pathways. The two-component
transcription factor Skn7 is a likely Rhol effector that is also
activated by SInl and Ypdl kinases of the HOG signaling
pathway and is thus a candidate for an integrator of the PKC
and HOG signaling pathways (152).

The calcineurin pathway, which is involved in GSC2 expres-
sion, is also involved in cell wall gene regulation (309). This
pathway is activated by pheromone exposure or heat shock and
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following activation of the PKC cell integrity pathway. Indeed,
when phosphorylated by activated Slt2, the Cch1-Mid1 channel
triggers activation of the calcineurin pathway, resulting in the
induction of Crzl-responsive genes, including GSC2. In addi-
tion, Skn7 is implicated in the regulation of Crzl-regulated
genes, such as the mannosyltransferase OCHI (152).

Finally, a temperature-sensitive fksI-1154 gsc2A double mu-
tant shows cell cycle arrest in G, under restrictive conditions,
suggesting the existence of a “cell wall integrity” checkpoint
(273). Though this checkpoint remains to be elaborated, cell
cycle arrest is reportedly due to inhibition of Clb2 induction
and requires components of the dynactin complex (273).

Towards an Integrative Analysis

Functional genomic technologies enable the experimenter to
assemble large genome-wide data sets on cellular components
and genetic phenotypes and to see how they vary under chang-
ing conditions. The challenge for systems biology is to under-
stand how these many cellular components functionally inter-
act to give the observed phenotypic outputs. A beginning has
been made with attempts to integrate large-scale data sets. For
example, the Gerstein group examined changes in interactions
between transcription factors and target genes under condi-
tions that include the cell cycle, sporulation, the diauxic shift,
and DNA damage and stress responses (161). In other work,
the timing of protein complex formation during the cell cycle
was analyzed using a network of physical interactions among
cell cycle-regulated gene products (64).

To get such an overview of processes regulating cell wall
biology, large-scale phenotypic analyses have been conducted.
These include genome-wide surveys of genes required for
growth in the presence of caspofungin (150, 171), Congo red
(89), K1 toxin (213), and calcofluor white (164). The Saccha-
romyces deletion collection has also enabled large-scale double
mutant construction and screens for interacting double mutant
combinations (280), with networks of genetic interactions of
FKS1, CHS1, CHS3, GAS1, GSC2, and SMII1 having been
analyzed (150, 151). These studies reveal many of the inter-
locking cellular functions required to cope with cell wall stress
or mutation. A large number of the genes found in these
studies are cell wall genes, reflecting the underlying compen-
satory processes between wall polymers. A second group of
genes include those encoding the cell wall stress sensors and
components of the PKC cell integrity pathway, genes required
to trigger the onset of the wall compensatory repertoire. Other
categories found contain genes required for cell polarization or
with roles in vesicular transport or endocytosis. Wider analysis
of this genetic network shows that many of these processes are
themselves intimately interconnected, with, for example, genes
involved in endocytosis being required for the survival of mu-
tants with mutations in genes involved in cell polarity (280).

Initial efforts at data integration compare phenotypes with
transcription profiles (89, 150, 171). The overlapping gene sets
capture the essence of cell wall assembly, with CHS3, CRH1,
CRZ1, FKS1, GSC2, PIR3, and SLT2 being both induced by
and required for resistance to a number of cell wall-perturbing
conditions. Not all genes induced under a given condition are
required for survival under it, likely reflecting the existence of
a limited number of stereotyped responses leading to the in-
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FIG. 6. Integrated view of regulatory pathways involved in cell wall
biology. Five levels of regulation are represented (cell wall synthetic
machinery, brown; surface signaling, blue; cell cycle, red; cell polarity,
purple; secretion/endocytosis, black). Interconnections among pro-
cesses are indicated by arrows, which are numbered from their starting
points and colored according to the type of interconnection (regulation
of activity, green; expression regulation, gray; spatial regulation, yel-
low; vesicular transport, blue; undefined regulatory event, pink). Pro-
tein transport and glycosylation through the secretory pathway and
protein recycling through the endocytic pathway affect the synthesis of
glucan, chitin, and mannoprotein (1). The PKC cell integrity pathway
is activated by glucan and chitin defects (2). $-1,3-GS and mannopro-
tein expression is regulated by glucose, nutrients, and oxygen (3).
Nutrient availability affects filamentation through Kss1 and cyclin reg-
ulation (4). Sporulation regulates GSC2 and CHS3 expression through
Ndt80 (5) and affects polarisome function through Kss1 (6). SIt2 acts
through Rlm1 on glucan, chitin, and mannoprotein synthesis (7) and
on the actin cytoskeleton (8). Pkcl plays a role in the cell cycle (9). SIt2
acts on the SBF transcription factor (10). SIt2 affects calcineurin sig-
naling through Cch1-Mid1 (11). Pkecl phosphorylates Chs3 (12). Rhol
is the regulatory subunit of the B-1,3-GS (13). The chitosome is mo-
bilized by the action of Rhol and Pkcl on the exocyst and on the
secretory pathway, respectively (14). Bnil is a Rhol effector (15). The
Rhol effector Skn7 has a role in OCHI expression (16). GSC2 expres-
sion is controlled by the calcineurin-dependent transcription factor
Crz1 (17). Pkel and Rhol are recruited at the shmoo tip (18). Pher-
omone exposure induces CHSI (19), leads to recruitment of the cell
polarity machinery at the shmoo tip (20), and induces a cell cycle arrest
(21). The PIR genes are cell cycle regulated (22). Many cell wall genes
are expressed in G, (23). Cdc28 regulates the function of Cdc42 under
vegetative growth (24), during mating (25), and during filamentation
(26), respectively. The morphogenesis and the cell wall checkpoints
affect the cell cycle through the septins and dynactin, respectively (27).
SIt2 is regulated by the polarisome (28). Bud neck assembly regulates
Chs2 function (29), and cell polarity directs secretion (30). CNR,
calcineurin pathway; FIL, filamentous growth program; Fus3, mating
pheromone pathway; Glc-Nut, glucose and nutrient sensing; MAT,
mating program; PKC, PKC cell integrity pathway; Pkc1-Rhol, signal-
ing through Pkcl or Rhol and not through the cell integrity pathway;
Spo, sporulation cascade; VG, vegetative growth.
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duction of many genes, only a fraction of which are required to
cope with a specific stress. Importantly, not all genes required
for survival are induced, indicating that other regulatory
events, such as posttranscriptional modifications, occur. For
example, the mobilization of Chs3 from chitosome vesicles to
the plasma membrane involves activation of a constitutively
present trafficking pathway, whose key players (CHSS5, CHS6,
CHS?7, and SKT5) are all required for the survival of fks/ and
gasl mutants or in the presence of caspofungin (150). A similar
weak correlation between phenotype and modulated transcrip-
tion has also been observed under other conditions, such as
growth in the presence of high concentrations of NaCl or
sorbitol, at high pH, on galactose, or during sporulation (24,
81, 95).

Two studies integrate more than two types of data. Kelley
and Ideker (131) combined genetic interaction data, protein-
protein and protein-DNA interaction data, and shared-reac-
tion metabolic relationships in a large network. The Roth
group created a network of genetic, protein-protein, and pro-
tein-DNA interactions, pooled with sequence homology (312).
Analysis of these networks reveals the presence of protein
complexes linked to other protein complexes by genetic inter-
actions, demonstrating how compensatory capacity is built into
cellular function through such protein modules.

A global view of cell wall biology can be drawn (Fig. 6) by
connecting the cellular processes affecting cell wall assembly.
The complexity of these interactions is already evident, but the
trend toward a global analysis of S. cerevisiae function will
likely serve to increase it.

CONCLUSION

Genomics and systems biology and their genome-wide ap-
plication in bacterial, fungal, and plant model organisms augur
well for the future of cell wall studies, since representative
walls of all these groups will be included in the increasingly
global descriptions of function. This is true even for S. cerevi-
siae, which, unlike bacteria and plants, is studied primarily as a
model eukaryotic cell. S. cerevisiae is of course a fungus, but to
tap its full potential as a “universal cell” necessitates a global
analysis, which means integrating the cell wall and other in-
trinsically fungal features into wider functional studies. A per-
tinent example is the detailed study of the fungal use of the
PKC pathway for regulation of cell wall integrity. The broad
outlines of yeast wall construction and regulation are apparent,
but as seen here, at every level much remains to be clarified.
Yeast cell wall studies will also inform more generally about
fungal cell walls. A recent example comes from the genomic
comparison of S. cerevisiae and A. gossypii, which despite a
highly conserved and syntenic gene set are, respectively, a
budding yeast and a mycelial fungus (220). Thus, a common
gene set can be molded through regulated expression, cellular
localization, and timing to fashion either a yeast or a hyphal
cell wall.

A traditional and still compelling reason to study the fungal
cell wall is because it is a specific target for antifungal drugs.
However, genomic studies show that there are relatively few
global essential gene targets in this fungus-specific organelle.
Rather, cell wall integrity is buffered at many levels by redun-
dancy and by compensatory pathways. Fortunately, our grow-
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ing understanding of the molecular basis of cell wall robustness
will reveal systems weaknesses that allow the possibility of
more-sophisticated interventions that cut away such buffering,
for example, through the use of combination therapies that
synergistically target both glucan and chitin synthesis.
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